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To evaluate the effect of high moisture content on the performance of weak subgrade soil 
and improve the engineering properties of weak subgrade soil through using cementitious materials, 
five different soils that represent range of subgrade soil in Louisiana (based on plasticity indices) 
were collected and considered in this research study. All tests on raw soils and treated/stabilized 
soils were performed on the soil laboratory at the Louisiana Transportation Research Center 
(LTRC). Ordinary Portland cement and hydrated lime were selected in this study to treat/stabilize 
the subgrade soils depending upon the soil type and plasticity index. The repeated load triaxial 
(RLT) tests were performed on the laboratory molded treated/stabilized specimens in order to 
evaluate their resilient modulus and to study their deformation behavior under cyclic loading. 
In order to simulate the field conditions for the pavement construction over weak subgrade 
layer to create working platform and/or subbase layer, the soil/stabilizers were mixed at three 
different moisture contents in the wet side of optimum moisture content. A total of 84 resilient 
modulus tests and similar number of single-stage permanent deformation tests were performed 
under cyclic loading conditions. Moreover, 54 multi-stage permanent deformation tests were also 
performed to characterize the behavior of the material based on shakedown limits. A good relation 
was observed between the water/stabilizer ratio and the repeated loading characteristic of the 
specimens tested from resilient modulus, single-stage permanent deformation, and multi-stage 
permanent deformation tests. The soil specimens compacted at low water/stabilizer ratio showed 
better performance than those compacted at high water/stabilizer ratio having identical unconfined 
compressive strength (UCS). Regression analyses were also performed on the available models to 
predict resilient modulus based on the results of laboratory tests and the regression coefficients (k1, 
k2, k3) were evaluated for all soil/stabilizer conditions. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Subgrade layer is the most lowest layer in the pavement structure underlying the base 
course or surface course, depending upon the type of pavement. Generally, subgrade consists of 
various locally available soil materials that sometimes might be soft and/or wet that cannot have 
enough strength/stiffness to support pavement loading. A sound knowledge of performance of 
the subgrade soil under prevailing in-situ condition is necessary prior to the construction of the 
pavement. The better the strength/stiffness quality of the materials the better would be the long-
term performance of the pavement. Hence, the design of pavement should be focused on the 
efficient, most economical and effective use of existing subgrade materials to optimize their 
performance. In case of soft and wet subgrades, proper treatment might be needed in order to 
make the subgrade workable for overlying layers (e.g., creating working platform) for pavement 
construction. 
In the past, the strength quality of the subgrade soil used in pavement construction had 
been determined by various laboratory tests such as the California bearing ratio (CBR), Hveem 
stabilometer and cohesiometer test (The Hveem method), and R-value tests in order to 
characterize the pavement materials. However, neither of these methods considers the effect of 
cyclic loading of the vehicular load on the pavement due to static nature of their loading 
conditions. The recent development in pavement design includes the introduction of stiffness 
based modulus, called the resilient modulus, which deals with the repeated loading condition on 
the materials to be tested, thus simulating the actual vehicular loading in the field. The repeated 
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loading triaxial test is performed within the elastic range of the soil in order to determine the 
resilient modulus. On the other hand, the permanent deformation deals with the cyclic loading of 
materials beyond the elastic limit or sometimes up to failure of the specimens in order to evaluate 
the rutting performance (single-stage tests) and different shakedown stages (or limits) of the 
materials (multi-stage tests). Despite the more precise results from resilient modulus and 
permanent deformation tests, some designers and contractors still prefer using CBR value or any 
other conventional method in the design of pavement rather than the use of resilient modulus due 
to associated low cost and lesser time compared to the repeated loading triaxial tests. 
The AASHTO 1993 design guidelines involves empirical pavement design method that is 
developed based on the road test conducted in Illinois in the late 1950’s. The single climatic 
condition, loading level and pattern of 1950’s, identical subgrade properties throughout the test 
etc. were the main drawbacks of that test. Despite having a lot of limitations, this empirical 
design method is still being used in the analysis and design of pavements. The pavement 
thickness is determined by using many empirical correlations developed from the road test data. 
In contrast, a new pavement design method was developed by the National Cooperative 
Highway Research Program (NCHRP), known as the Mechanistic Empirical Pavement Design 
Guidelines (MEPDG), is being under implementation in different states in the USA. This method 
is a combination of mechanistic and empirical design methods, which includes three levels of 
design inputs. The reliability of the data decreases with the increase in the level. Level I includes 
the input parameters directly obtained from the laboratory tests; while indirect correlation 
between design parameters and material properties obtained from in-situ tests like dynamic cone 
penetration test (DCP), geogauge, light falling weight deflectometer (LFWD) etc. are  under 
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level II input parameter. Finally, the least precise and less reliable values are kept under level III 
input parameters that can be used only for limited types of soils.  
1.2 Problem statement 
The adverse effect of increase in moisture content on the soil behavior has been a major 
concern among the geotechnical as well as pavement engineers. Soil possesses excellent 
performance at the optimum moisture content or below the optimum moisture content (dry side 
of optimum); however the strength and stiffness of soils reduces drastically as the moisture 
content increases beyond the optimum (wet side of optimum). Due to soft nature of soil in 
Louisiana and with the presence of high water table strength/stiffness of subgrade soil is too 
weak to support the pavement loads. In addition, some soils have great tendency to shrink/swell 
with moisture content and often creates serviceability problems during or after construction of 
the foundations or pavement layers. The replacement of such soil with better quality of borrow 
soil fill is not always a good option especially in pavements due to associated cost of excavation 
and hauling of the materials. In order to cope with this problem, various techniques have been 
applied by engineers depending upon the types of the soil. For example, mechanical stabilization 
is preferred to coarse grained soils. But, in regions like Louisiana, with soft clay subgrade and 
high water table, it is customary to treat the soils with some chemical stabilizers or calcium rich 
stabilizers. These stabilizers not only provide the working platform for construction through 
enhancing the strength of treated subgrade layer; but also can give the relatively stable subbase 
for pavement. The shrink/swell characteristic of the soils is a function of in situ moisture content. 
Most of the soils in Louisiana have in situ moisture content higher than the optimum, and 
therefore the prediction of subgrade behavior based only on the property around the optimum or 
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near the optimum on either side is not enough. The use of different stabilizers based on the 
properties of the raw to treated/stabilized subgrade soil has made it easier to construct pavement 
on high moisture contents and weak soil subgrade.  
In order to evaluate the different engineering properties of the subgrade soils found in 
Louisiana and to select the proper stabilizer type and the content ratio to be used in future 
construction, five different soils having plasticity indices (PI) ranging from 8 to 64 were selected 
for investigation. The moisture contents for the samples prepared in the laboratory were selected 
within the wet of optimum side range that give the raw samples unconfined compressive strength 
(UCS) of 25 psi or less. Lime and cement were selected for the screening proposes and selection 
of stabilizer was decided based on the performance of the treated soil, available 
recommendations from literatures, and local experience. The repeated loading triaxial (RLT) 
tests of the laboratory molded samples were performed on the selected moisture contents and 
stabilizer/additive contents that give minimum 7-day strength of 50 psi (for working platform) as 
well as 150 psi (for subbase). The repeated loading triaxial tests consist of resilient modulus 
tests, single-stage permanent deformation tests, and multi-stage permanent deformation tests. 
The moisture susceptibility of the samples were also performed via tube suction test under 
identical conditions of stabilizer and moisture contents to that of the repeated loading triaxial 
samples. 
1.3 Objective of the study 
Since most of the available studies on the evaluation of treated/stabilized subgrade soil 
are focused on subgrade compacted at or near optimum moisture contents, this research study 
will focus on the stabilizing/treating very weak subgrade soils having moisture contents way 
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beyond the optimum moisture contents, even sometimes up to the liquid limit of the soil in order 
to cope with the in-situ most worst case of loading condition in pavement/foundation 
construction or soft Louisiana soils. The behavior of the lab molded samples (both untreated and 
treated) will be observed under repeated loading triaxial tests in the form of resilient modulus 
tests, single-stage permanent deformation tests, and multi-stage permanent deformation tests. 
Furthermore, the moisture susceptibility of the treated/stabilized specimen will be evaluated 
using tube suction tests. Two levels of target strengths will be selected to represent the 
construction of working platform and subbase layer. The stabilizer doses were added to achieve 
the target strength values corresponding to the different selected moisture contents. 
The objective of this research can be summarized as follows: 
I. Treatment/stabilization of very weak and wet subgrade soils with different types of 
cementitious stabilizers in order to create a suitable construction working platform as 
well as, subbase layer. 
II. Selection of suitable stabilizer type and content based on soil type and degree of 
improvement. 
III. Study the repeated loading characteristic of the treated/stabilized weak subgrade soil via 
resilient modulus tests, single-stage permanent deformation tests, and multi-stage 
permanent deformation tests.  
IV. Evaluation of resilient modulus regression coefficients (k1, k2, k3) for used to predict the 
resilient modulus by statistical regression analysis, study of permanent deformation, and 
study of shakedown limits of the treated/stabilized specimens. 
V. Study of moisture susceptibility of the stabilized soil via tube suction test.  
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1.4 Scope of the study 
The research study mainly consists of two parts. The first part includes the selection of 
the suitable stabilizer for wide range of soil types and recommends the best stabilizer type and 
dose for use to a particular type of soil based on strength requirements from unconfined 
compressive strength and the plasticity indices of the soils. The second part includes the 
evaluation of the repeated loading characteristic of the treated/stabilized weak soil samples of 
different additive contents and moisture contents that achieve the minimum strength 
recommended by the Louisiana Department of Transportation and Development (LADOTD) for 
use as working platform as well as subbase layers. Regression analysis were conducted on the 
results of laboratory tests and were analyzed using statistical analysis software (SAS) to evaluate 
the resilient modulus regression parameters k1, k2, k3; and the results were fitted on the suitable 
model available for the clayey soil based on the literature review. 
The literature review of the repeated loading behavior of the cementitiously stabilized 
soil was performed. Furthermore, the mechanism of the stabilization of the clayey soil due to 
addition of the stabilizer is also reviewed. Five naturally occurring soils having plasticity indices 
(PI) with ranges of 0-10, 10-20, 20-30, 30-50 and larger than 50 are identified and selected for 
this study. The factorial of the research will be presented later in chapter 3. 
1.5 Outline 
This thesis includes a total of five chapters. Chapter one is an introduction part that 
presents the problem statement, objective, and scope of the research. The review of previous 
studies performed by various researchers on treated/stabilized soils that are relevant to the 
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research are briefly summarized in chapter two as literature review. Chapter three deals with the 
properties of the materials used and adopted methodology to accomplish the objectives of the 
research. Chapter four includes results and discussions of all laboratory tests performed and the 
findings from the laboratory tests. Finally, chapter five will present the conclusions derived 
throughout the research work and the recommendations based on my experiences during the 















CHAPTER 2 LITERATURE REVIEW 
2.1 Weak subgrade and treatment 
The subgrade in flexible pavement is more vulnerable to failure under the vehicular 
traffic loading due to non- uniform distribution of the load from overlying layers and the 
presence of high moisture contents. This layer gets less emphasis compared to other layers in 
pavement, despite the fact that most of the pavement failure is being caused due to the bearing 
capacity failure of the subgrade layer. Some subgrade soils, especially clayey soils, have great 
strength at low moisture content; however they become very weak and less workable with the 
increase in water content beyond the optimum value. Such soil should be either replaced with 
superior quality fill material or treated with suitable treatment process (Prusinski and 
Bhattacharja, 1999). The replacement of the subgrade soil might not always be the best option 
due to associated hauling cost of the excavated materials as well as the imported quality 
materials. In some developing regions or even urban areas, the unviability of the aggregate or the 
shortage of the suitable fill materials makes replacement of weak subgrade soil uneconomical. In 
such conditions, the strength/stiffness properties of the existing weak subgrade soil can be 
improved by the use of proper compaction technique as well as by using some chemical 
stabilizers. Portland cement, lime and fly ash are the most common types of chemical stabilizers 
used by most of states to stabilize the weak subgrades; thus creating a proper working platform 





2.2 Soil modification/stabilization 
Soil stabilization or modification refers to the improvement of the soil physically or 
chemically by using various techniques including mechanical compaction and the use of various 
calcium rich chemicals. The selection of proper stabilization technique depends on the soil type 
and its condition. Mechanical stabilization is best suited for coarse grained soils or aggregates at 
optimum or below optimum moisture contents. However, clayey soils are more effective under 
chemical stabilization. If the clayey soil is mixed with the specific stabilizer just enough to make 
it workable, better in texture and compactibility regardless the strength and durability, then it is 
referred to as modification (Indiana DOT, 2002); modification is restricted to the soil having 
AASTHO designation A-4, A-5, A-6 and A-7 (Oklahoma DOT, 2009).  On the other hand, 
stabilization refers to the selection of the stabilizer in order to achieve certain target 
strength/stiffness values in addition to modification. In conclusion, creating working platform for 
construction purpose only is part of modification/treatment; whereas stabilization is essential if 
we are dealing with construction of subbase in pavements. 
 Various states established their own criteria for modification and stabilization. The 
LADOTD recommends the criteria presented in Table 2.1 for the selection of the stabilizer based 
on the soil characteristic (Louisiana standard specification, 2006). The Indiana DOT criterion is 
presented on Table 2.2. Furthermore, the Texas DOT has a wide range of selection of stabilizers 
for subgrade and subbase soils as shown in Figure 2.1, which describes the selection of various 











Table 2.2: Selection of stabilizer on soil properties (Indiana DOT, 2008) 
S.N. Treatment Soil property Additive type 
1 Stabilization 
PI>10 and clay 
content>10% 
Lime (quick lime) 
PI < 10 and < 20% 
passing # 200 sieve 
Cement 
2 Modification 
PI ≥ 5 and > 35% 
passing #200 sieve. 
Lime 
5<PI<20 and  >35% 
passing #200 sieve 
Lime fly ash blends 
PI < 5 and ≤ 35% 
passing # 200 sieve 
Cement and/or Fly 
ash (C class) 
 
 





Lime/Cement (% Volume) 
1. 0-15 9%Cement 
2. 16-25 6%lime + 9%Cement 
3. 26-35 9%Lime + 9%Cement 
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In Louisiana Gauraetu et al. (2009) recommended a minimum compressive strength value 
of the 50 psi at 7 days curing time for working platform and a minimum compressive strength 
value of 150 psi at 7 days curing time for  stabilized subbase layer that is identical criteria with 
Indiana DOT criteria for selection of stabilizers. 
2.3 Mechanism of stabilization 
Before the selection of the specific stabilizer, it is necessary to understand the behavior 
and mechanism of the stabilizer with the soil. The soil stabilization mechanism can be portrayed 
as coating and/or binding of soil particle to form another output soil with improved 
characteristics (Texas DOT, 2005). The efficiency and effectiveness of the stabilizer depends 
upon the type of the soil to be stabilized, the type and properties of stabilizer, and the associated 
moisture content during compaction as well as the long-term moisture content. Furthermore, the 
effectiveness of the stabilizer can be measured by its ability to provide enough calcium to 
chemical reaction. Lime, Portland cement and fly ash materials are the most frequently used 
chemical stabilizers. Fly ash that possesses self-cementing property that can stabilize/treat soil 
without cement or lime are called class C fly ash, whereas that often used either with lime or 
cement in order to make it more reactive are called class F or non-cementing  fly ash. The 
mechanism of stabilization for these stabilizers is almost similar regardless of few different 
processes. The overall stabilization process can be summarized into four different processes 
(Prusinski and Bhattacharja, 1999; Mallela et. al 2004). All four processes mentioned below will 
occur in cement treated subgrade soils, whereas in case of lime treated soils cementitious 
hydration will be absent due to the lack of calcium aluminate hydrate (C-A-H) after hydration of 
the stabilizer.   
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a. Cation exchange, 
b. Flocculation and agglomeration, 
c. Cementitious hydration, and 
d. Pozzolanic reaction. 
Cation exchange includes an immediate reaction of the clay with the stabilizer within few 
minutes of mixing, resulting in a soil with improved texture. The tetrahedral (T) and octahedral 
(O) combination of clay minerals in 1:1 (1T and 1O) or 2:1 (2T and 1O) have charge deficiency 





) are prevalent in clay minerals along with water. However, these cations can be 






etc. so called cation exchange. 
During this process calcium rich chemical stabilizer provides enough cations to replace the 
monovalent cations resulting in a reduced thickness of diffused double layer (Geiman et al., 
2005). The calcium is released in suspension of stabilizer-soil-water and will be available for the 
stabilization of soil. The general reaction of the cement with water that yields calcium is 
presented in equations 2.1 and 2.2.   
C3S + H ------------------------ C-S-H + Ca(OH)2    Equation (2.1) 
C2S + H ------------------------ C-S-H + Ca(OH)2     Equation (2.2) 
Where, H= H2O, C = Ca, S= SiO2, C3S = tri-calcium silicate, C2S= di-calcium silicate and C-S-H 
= C3S2H3. 
Flocculation and agglomeration is the rearrangement of the clay particles from face to 
face orientation to more compact edge-face orientation (Figure 2.2). The fine grained soil 
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changes to the more coarse grained with much more improved strength/stiffness as well as 
workability (Al-Mukhtar et al., 2010; Brooks et al., 2010). As cation exchange, flocculation and 
agglomeration is also a short-term process, which takes place within few hours of mixing the 
stabilizer and water with subgrade soil. 
 
Figure 2.2: Flocculation and agglomeration of clay particles (Prusinki and Bhattacharja, 1999) 
In addition to lime, cement contains calcium-aluminate-hydrate (C-A-H) that takes part in 
the further stabilization of the flocculated clay particles by yielding the glue like structure with 
calcium-silicate-hydrate (C-S-H). The strength provided by cementitious hydration in cement 
treated soil is extra strength as compared to the lime treated soils that is the main reason why 
cement treated/stabilized soil have better strength compared to any other treated/stabilized soils. 
The rapid gain in strength continues from the day of mixing till a month and may continue up to 
few years (Prusinski and Bhattacharja, 1999). Sometimes, carbonation occurs in lime treated 
soils that is undesirable reaction at the start of stabilization because of formation of relatively 
insoluble carbonates rather than hydrates (Mallela et al., 2004). 
Pozzolanic reaction is a long-term process that produces more stable hydrates and 
aluminates of calcium after few months of mixing of soil, stabilizer and water. The PH 
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environment in the system initiates further reaction of the silica and alumina with the clay 
particles, hence proving extra strength to the stabilized soils (Harty, 1970). The minimum PH of 
12.4 is necessary in order to maintain the pozzolanic reaction (Eades and Grim, 1960). 
Fly ash stabilization of the soil is similar to cement; however the strength provided is less 
than the cement. Depending upon the reactivity, the fly ashes are classified as self-cementing (C-
class) and/or non-self-cementing (F-class). Generally, C-class fly ash is applied with either 
cement or lime, whereas F-class does not includes any activating stabilizers. 
2.4 Effect of stabilizer on soil properties 
2.4.1 Atterberg limit 
When highly plastic soil (PI >20-30) is treated with calcium rich additive, the chemical 
reaction between clay particles and additive results in reduction of the size of the diffused double 
layer and increase in the inter-particle contact. Consequently, the liquid limit of the soil will be 
decreased associated with the increase in plastic limit; hence decreasing the plasticity index of 
the stabilized soil. As a result, strength/stiffness of the stabilized soil will be improved. 
2.4.2 Moisture-density relation 
The change in chemical composition of the soil can be noticed by decrease in the maximum 
dry density and increase in the optimum moisture content of the soil-stabilizer mixture (Puppala 
et al., 1996, Prusinski and Bhattacharja, 1999; Mallela et al., 2004). However, Gautreau et al. 
(2009) and Horpibulsuk et al. (2010) found different types of results for cement stabilized soils. 
For heavy clay soil with LL=74% and PI=46%, Horpibulsuk et al. (2010) reported an increase in 
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maximum dry density with no significant change in optimum moisture content (Figure 2.3); 
while Gautreau et al. (2009) found out that for soil with LL=34% and PI=12% there is no 
significant difference in optimum moisture content and maximum dry density with cement 
content as shown in Figure 2.4.  
 
Figure 2.3: Moisture density of heavy clay with cement (Horpibulsuk et al., 2010) 
Additionally, Umesha et al. (2009) found out even more different results than other 
researchers reported by use of lime on soil with plasticity limit of 41% and plasticity index of 17 
%. They found that the maximum dry density increased while the optimum moisture content 




Figure 2.4: Moisture density relation of soil with cement (Gautreau et al., 2009) 
 
 
Figure 2.5: Moisture density relation of Suddha soil with lime (Umesha et al., 2009) 
2.4.3 Unconfined compressive strength (UCS) 
The unconfined compressive strength (UCS) of the soil increases drastically with the increase 
of the stabilizer content. Generally, cement stabilized soils possesses higher UCS than the soils 
treated with other stabilizers for the same stabilizer-moisture ratio.  
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Bhattacharja and Bhatty (2003) compared the performance of lime and cement on three 
different types of soils in Texas with PI of 25%, 37% and 42%, and found that for all soils, better 
performance was observed from cement stabilizer. However, there was great decrease in the 
strength (by more than 50%) of the cement treated soils with delay compaction of 24 hour.  
Additionally, Hossain and Mol (2011) used natural pozzolans and industrial waste to 
stabilized the clay soil (A-6) having LL 39% and PI of 19% and reported almost double strength 
gain with cement kiln dust (CKD) compared to volcanic ash (VA) under identical condition as 
shown in Figure 2.6.  
 
Figure 2.6: Effect of VA (a) and CKD (b) on UCS of soil (Hossain and Mol, 2011) 
Consoli et al. (2011) obtained a linear variation of UCS with the increase in lime content for 
a soil having LL of 23% and PI of 10%. Furthermore, the effect of the porosity as well as 
porosity/lime ratio was determined; considerable decline in compressive strength of the soil was 




The Durability test of the chemically stabilized subgrade layers is the main concern 
during the construction of the pavement structures; it determines the ability of the subgrade to 
withstand against the extremely adverse environmental conditions during the service life of the 
pavement. In the past, freeze and thaw, wet and dry, California bearing ratio (CBR) were 
excessively used for the durability of the soil or aggregates to be used in pavement structures. 
However, in recent years, a new technology to evaluate the performance of the pavement 
materials is introduced and termed as tube suction test, which gives a dielectric value of the 
surface having free moisture on it.  
The increase in durability of the stabilized subgrades was experienced by previous 
research studies (Zhang and Tao, 2006; Parker 2008; Shafique et al., 2009; Solanki et al., 2010).  
Parker (2008) used two different subgrade soils (SM and CL) and stabilized with cement, lime 
and fly ash then tested for series of durability tests including freeze and thaw/wet and dry, tube 
suction tests, and vacuum saturation. He concluded that the sand specimens stabilized with lime-
fly ash had shown higher residual UCS results than cement/lime, and class C fly ash stabilized 
sand soil after freeze-thaw and vacuum saturation tests. They further concluded that freeze-thaw 
tests were more severe than any other durability tests. Similar results on UCS were also observed 
with the clay specimens after cycles of durability tests. Unlike treated sandy soils all the clay 
tested by Parker (2008) were moisture susceptible as result showed no marginal dielectric value. 
He finally concluded that cement/lime treated/stabilized soils are more vulnerable to durability 
issue than the fly ash treated/stabilized soil subgrades. 
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Similarly, Parson et al. (2004) performed durability tests on the four different types of 
soils (CH, CL, ML and SM) stabilized with lime, cement, fly ash, and enzymes. Durability test 
includes swelling, freeze and thaw, wet and dry, and leaching test of the stabilized soil samples. 
Swelling of all soils treated with all stabilizers was almost reduced, except for a soil with small 
amount of sulfate content (0.41%). The order of soil loss after freeze and thaw was cement < fly 
ash < lime. However, they found higher strength and lower PI in lime and cement treated soils 
than in those treated with fly ash after leaching. The result showed that the clayey soils were 
vulnerable to wet and dry cycles; however different stabilizer performed differently depending 
upon the type of the soil.  
In recent years many researchers had used tube suction test for evaluating the durability 
of the pavement materials (Syed et al., 2003; Barbu et al., 2004; Zhang et al., 2006; Solanki et 
al., 2009). The tube suction test is a non-destructive test that is more time-efficient and economic 
than the other durability tests like freeze-thaw and wet-dry etc. The test measures the dielectric 
value of the compacted soil specimens after 10 days of capillarity suction. This test was 
developed by the joint effort of Finnish National Road Administration and Texas Transportation 
Institute in the late 1990’s. Generally, soil samples having dielectric values less than 10 are 
assumed to perform well, but the dielectric values above 16 are considered moisture susceptible. 
The soil samples yielding values in between 10 to 16 are considered to have fair strength against 
the severe environmental condition (Barbu and Scullion, 2005). The dielectric value measures 
the amount of free water available in the soil; not the moisture content of the soil. The typical 




Figure 2.7: Dielectric value of soil at different water contents (Zhang and Tao, 2006) 
2.4.5 Repeated load characteristics 
Generally, the resilient modulus of the treated/stabilized subgrade soils increases with the 
increase in stabilizer content under identical moisture content, while the permanent deformation 
of the subgrade soil decreases with the increase of the additive contents. Many researchers 
(Puppala et al., 1996; Achampong et al., 1997; Mohammad et. al., 1999; Mohammad and 
Saadeh, 2008; Ling et al., 2008; Solanaski et. al., 2010) evaluated the repeated load characteristic 
of the stabilized subgrade soil and experienced great improvement in the resilient characteristic 
of the subgrade soil.   
Mohammad and Saadeh (2008) conducted resilient modulus and permanent deformation tests 
on base and sub-base materials treated with lime/cement, and observed an increase in the 
resilient modulus by 1000 to 1500 percentage for cement treated soils and 225 to 325% for lime 
treated soil under identical conditions of 6 psi confining stress. The base materials in these tests 
were crushed limestone, Blended Calcium sulfate (BCS), BCS stabilized with slag (BCS-slag), 
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BCS stabilized with flyash (BCS-flyash), foamed asphalt treated 100% recycled asphalt (RAP) 
(FA-100RAP), and foamed asphalt treated blend of 50% RAP and 50% soil cement (FA-50RAP-
50SC). The subbase materials were lime-treated and cement-treated soils over A-4 subgrade soil. 
Furthermore, they also observed considerable decrease in permanent deformation of the treated 
layers (Figure 2.8) 
 
Figure 2.8: Permanent deformation of treated and untreated base materials (Mohammad and 
Saadh, 2008) 
Similarly, Achampong et al. (1997) also found improvement in the resilient modulus of 
the cohesive soil with the increase in cement and/or lime; however instead of using real soil they 
blended two commercially available chemicals to obtain lean clay (LL = 48% and PI = 20%) and 
heavy clay (LL = 70, and PI = 44). They concluded that for a given stabilizer content and type, 
the resilient modulus is higher for lean clays as compared to heavy clays; while cement was less 
effective in heavy clays. The cement stabilized soils were cured for 7 days and 28 days; however 
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the curing period for the lime treated soil was only 7 days. Furthermore, lime treated soils were 
compacted in three different moisture contents (OMC and OMC± 2%), but optimum moisture 
content was selected as a compaction moisture of cement-treated soils. 
Solanaski et al., (2010) treated four different types of soils (LL from 27% to 48%, and PI 
ranging from 5% to 29%) with lime, flyash, and cement kiln dust (CKD) in order to evaluate the 
effect of stabilizer on the resilient characteristic of the soils. A total of 160 samples were molded 
at OMC in 4 inch diameter by 8 inch height mold and cured in humid room for 28 days before 
testing. The material constants of model k1, k2, and k3 were evaluated from the regression 
analysis of test data. They found CKD was more effective in low PI soils and lime/flyash was 
more effective in medium PI soils. Lime/flyash treated soils showed better performance at lower 
application rate (3-6%), whereas CKD had more improvement beyond 10% application. 
2.5 Behavior of the subgrade soil under repeated loading 
During the application of repeated loading, the material deforms either elastically or 
plastically or both. The recoverable deformation that regains its original position after removal of 
load is referred a resilient; in contrast, the irrecoverable deformations are termed as permanent 
deformations or plastic deformation. The sum of the resilient and permanent deformations yields 
total deformation of any material (Figure 2.9).  
The behavior of the soil is neither elastic nor plastic. i.e., it experiences both kinds of 
deformations. In pavement design, the permanent deformations or rutting are undesirable as well 
as unavoidable. Pavement structures could fail due to excessive rutting of the underlying layers; 
however the deformation continues until the plastic deformation finally ceases and the resilient 
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deformation attains a constant value (Murashina and Radovsky, 1996). Depending upon the type 
of loading sequence, the material either fail under certain rate of permanent  deformation or 
stabilize the deformation after certain number of load application (Sharp and Booker, 1984). 
According to shakedown concept, the stress level in which the material stays is in between an 
elastic response and plastic response is described by the shakedown limit (Werkmeister et al., 
2001).  
 
Figure 2.9: Deformation of materials under repeated loading (Lekarp, 1997) 
Johnson (1986) used the shakedown concept to describe the behavior of the materials 
under repeated loadings in different civil engineering applications. Collins and Boulbibane 
(2000) implemented this concept into pavement to evaluate the response of the pavement 
materials, which can be summarized into four different stages (Figure 2.10). The design of 
pavement should limit the stress level within these elastic and plastic limits in order to prevent 




i. Purely elastic:  When the stress level is small then all deformations will be under 
elastic limit and are completely recoverable, this is termed as purely elastic state of 
material. An ideal condition, which requires superior quality materials and is not a 
good design for economic point of view. 
ii. Elastic shakedown:  In this condition the stress level is just below the plastic 
shakedown range and therefore there is some plastic behavior of the materials at the 
start. This might be due to the movement of the particles to adjust themselves under 
loading or due to crushing of the particles or both. However, the final response of the 
materials is elastic and the maximum stress level within this limit is called elastic 
shakedown limit. 
iii. Plastic shakedown: The stress-strain relation is hysteretic and there is no further 
permanent deformation as the material achieves the steady state response. During this 
period of loading the material absorbs finite number of energy during each cycles of 
loading. After the material achieves the steady state, it is said to be shake down again 
and the maximum stress condition at which the material is just below the state of 
collapse is called plastic shakedown limit.    
iv. Incremental collapse or ratcheting: Due to large repeated loading, the material yields 
and there is significant increase in plastic strains and the material fails within short 




Figure 2.10: Material behavior under repeated loading (Collins and Boulbibane, 2000) 
However, other researchers (Lekarp, 1997; Wermeister et al., 2001) classified the 
behavior of geomaterials under repeated loading into three different behavior ranges (Figure 
2.11) instead of four as described by Collins and Boulbibane (2000). They introduced three types 
of limits as plastic shakedown, plastic creep, and incremental collapse assigned as ranges A, B 
and C, respectively. After the pavement come to the service, an undesirable deformations will 
takes place due to densification of underlying layers and this phenomenon is called post 
compaction. After post compaction, the material starts to behave elastically and the whole 
system behaves elastically. According to Wermeister et al. (2001) the material that behaves 
elastically is in the range A. However, this response lasts for few to several hundreds of cycles 
depending upon the properties of material then material starts experiencing unrecoverable 
deformations with the increase in load cycles and reaches to range B. The deformation in 
material might be due to either movement of the individual particles or crushing of the particles 
or both.  It is necessary to find out the number of application of load cycles up to which the 
material behaves elastically, i.e., the transition state between ranges A and B. Finally, if the 
loading cycle persists beyond range B, the state of incremental collapse, range C, will occur in 
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which the structure will collapse with the large deformations. Range A is an ideal condition in 
pavement design, whereas range C should be avoided for quality design. Range B, which deals 
with permanent deformation of pavement but within the serviceability limit state provides the 
limit for the service loads in the pavements. 
 
Figure 2.11: Shakedown range of material behavior (Lekarp 1997) 
2.6 Laboratory repeated load tests 
Laboratory repeated load test aims at simulating the vehicular loading condition in the 
field for pavements. The pulsating load is given in predetermined stress level to find the response 
of the materials. The subgrade soil can be tested for the following repeated load test in the 
laboratory. 
a. Resilient modulus test 
b. Permanent deformation test 
I. Single-stage permanent deformation (SSPD) 
II. Multi-stage permanent deformation (MSPD) 
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2.6.1 Resilient modulus test 
The resilient modulus ( rM ) is just like an elastic modulus of the material and is defined 
as the ratio of the maximum deviatoric stress ( d ) to the maximum resilient strain ( r ) 
corresponding to that stress level (Figure 2.12). It is denoted by Mr and is defined in equation 
2.3; 
 





          Equation (2.3) 
Where, σd = (σ1-σ3) and εr are maximum deviatoric stress and resilient/recoverable strain 
under repeated cyclic loading.  
Resilient modulus or a stiffness modulus is an important parameter in the design of the 
pavement that gives the behavior of the material under different loading conditions. Because of 
better prediction of the response of the materials under repeated loading, resilient modulus is 
becoming popular among designers instead of using conventional static tests like the California 
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Bearing Ratio (CBR), the R-value test, and the plate load test. However, many contractors and 
consultants reluctant to use this test because it is time consuming as well as expensive compared 
to the other tests. 
The AASHTO 1993 test as well as the Mechanistic Empirical Pavement Design 
Guidelines (MEPDG) recommend using the resilient modulus for the analysis and design of 
pavements. The AASTHO 1993 design procedure is based on the road test conducted during late 
1950s and was performed under similar environmental conditions as well as loading pattern. 
Furthermore, the analyses of the traffic volume as well as the field test data were based on the 
technique available at that time, which is not only conservative but also have, its own deficiency. 
Despite these deficiencies this design procedure is still popular among the designers. 
On the other hand, the new MEPDG identifies three different levels of input for resilient 
modulus depending upon the reliability of the data obtained. A highly precise data directly 
obtained from laboratory test are kept under level I input parameter; however, the parameters 
calculated from indirect correlation with other properties like DCP, LFWD, Geogauge, CBR, 
UCS etc. are considered as level II input parameters. The MEPDG also recommends some 
default values of input parameters that can be used in case engineers are unable to determine 
good data for the small scale project work, which is related as level III input parameter. 
A repeated load triaxial test performed in the laboratory is used to determine the resilient 
modulus of the specimens. This is a direct measurement of the material properties and gives the 
level I input parameter for the MEPDG. The AASHTO T-307 testing protocol is usually used for 
the laboratory test of resilient modulus. This specification recommends two different loading 
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conditions for the soil depending upon the position in the pavement. Relatively high stress levels 
are preferred for base/subbase than subgrade.  
Level II input parameters can be calculated using available correlations between resilient 
modulus and other in-situ tests such as dynamic cone penetration test (DCP), geogauge, light 
falling weight deflectometer (LFWD). These devices have become more popular among the 
contractors/designers because not only they eliminate the lengthy spell of rigorous resilient 
modulus tests but also they help geotechnical/pavement engineers in quality control/quality 
assurance. However, these devices have some limitations are not yet fully accepted among 
pavement designers/researchers.  
Mohammad et al. (2008) predicted the correlations between resilient modulus of various 
soils with modulus/stiffness based in-situ test results in Louisiana. Table 2.3 represents the 
predicted correlations by Mohammad et al. (2008) for cohesive soils (A-4, A-6, A-7-5, and A-7-
6) with and/or without considering material properties.  
Abu-Farsakh et al. (2004) studied the relation between different moduli evaluated from 
in-situ devices like geogauge, DCP, and LFWD with standard tests like CBR, FWD, and Plate 
load test (PLT) for subgrade soils including cement/lime stabilized layers. Abu-Farsakh et al. 
(2004) performed both field as well as laboratory tests and found that the laboratory measured 
stiffness showed poor correlation than the field measured stiffness values. The discrepancy in 
laboratory measured stiffness value may be due to the difficulties in preparation of test sections 
within laboratory and associated non-uniform compaction. They further mentioned that these in-
situ devices have own limitations like geogauge measured stiffness are more sensible to the 
cracks formed near the surface, while the LFWD measured stiffness showing poor repeatability 
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of the tests. The DCP test result showed good relation with other in-situ testing devices and was 
recommended by Abu-Farsakh et al. (2004) for stiffness/strength test of the subgrade materials.  
Table 2.3: Various model relating resilient modulus of cohesive soil with in-situ tests 
(Mohammad et al., 2008) 
S.N In-situ test Model 
1 DCP   096.1
8.151
DCPI
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                 *** 
** Direct model; *** material property model; DCPI= Dynamic cone penetration index (mm/blow); Egeo= modulus of geogauge 
(ksi); Mr = resilient modulus (ksi); Elfwd = LFWD modulus (ksi); and w= water content (%)  
Apdagyei and Hussain (2010) used these three portable devices as described in Table 2.3 
to evaluate the quality of the base and subgrade and concluded 85 percentile of the stiffness 
values were good by these devices. But, they recommended further investigation on these 
devices because of high coefficient of variance on measured data. They found no relation 
between measured stiffness and dry density from all three devices, but reported that moisture 
content had significant effect on measured stiffness especially from LWD and its use was 
abandoned until further research to determine the effect of moisture on modulus measured from 
LWD. Hence, researcher/designer should give proper concern while using the stiffness/modulus 
obtained from these devices.  
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The MEPDG recommends some typical values of resilient modulus for the chemically 
stabilized layers as level III design input parameters. These values (Table 2.4) can be used 
directly in case of lacking of input parameter for level I as well as level II data during 
construction. These data are generally recommended only for small scale project. 
Table 2.4: Typical resilient modulus for chemically stabilized layers (MEPDG,2002) 
Chemically Stabilized Materials E or MR range (psi) E or MR Typical (psi) 
Soil Cement 50,000 to 1,000,000 500,000 
Lime-Cement-Flyash 500,000 to 2,000,000 1,500,000 
Lime stabilized soils
*
 30,000 to 60,000 45,000 
* for soil having PI >10 and 25% or more passing #200 
Louisiana Practice 
 Louisiana DOTD has been using the following formula (equation 2.4) to evaluate the 
resilient modulus of the subgrade soil (unstabilized/untreated) based on the soil support value 
(SSV) (Mohammad et al. 2007).  
































 SSVSSV    Equation (2.4) 
 The soil support value used in equation 2.4 is based on the pariah system in Louisiana 
that seems too much conservative for the design purpose since the resilient modulus is a function 
of material properties, moisture content, season throughout the year etc., the value derived from 
equation 2.4 does not incorporates these effects.  
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2.6.2 Models for resilient modulus of fine grained soil 
The models to predict the resilient modulus of different soils are also been used by 
various researchers in predicting and calculating the resilient modulus of the cement treated soil 
subgrades. Two different models used to predict the resilient modulus of the materials is given 








dr kM   (Deviator stress)      Equation (2.6) 
 Where, Mr = resilient modulus, 31  d = deviator stress,  = bulk stress = 
321   (sum of major, intermediate and minor principal stress respectively), and ki are 
material constants to be determined from regression analysis.   
The bulk stress model ignores the individual effect of deviatoric stress and confinement 
on resilient modulus, whereas the deviator stress model fails to define the effect of confining 
stress on cohesive soil. 
Uzan (1985) introduced the universal model (Equation 2.7) to calculate the resilient 
modulus by considering effect of confining stress as well as deviator stress. This model can 

























       Equation (2.7) 
Where, Pa reference atmospheric stress (14.7 psi).   
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Mohammad et al. (1999) studied 8 different types (with plastic indices PI<64) of soils in 
Louisiana to predict the realistic model that correlates the soil properties with the resilient 
modulus. They mentioned that when the ratio of maximum principal stress to minimum exceeds 
the value 2.5, the dilation of the soil starts. Furthermore, they assumed that the subgrade soil at 
lower depth may get the higher ratio of stresses that can experience the dilative behavior. Hence, 
it is not a good idea to use linear model to predict the resilient modulus that obviated the effect of 
dilation as well as shearing. Finally, they proposed the following model (equation 2.8) to predict 





























        Equation (2.8) 
Where,  31 2
3
1
 oct  and 









oct  are octahedral 
normal stress and shear stress respectively. 
Ni et al. (2002) proposed the modified version of the Uzan model (equation 2.9) that 
replaces the bulk stress by confining stress and eliminates the chance of having zero resilient 



























      Equation (2.9) 
Ooi et al. (2004) recommended two models (equation 2.10 and 2.11) after modification to 


















































             Equation (2.11) 
The log-log model recommended by NCHRP 1-28A (2004) with five regression 
parameters is presented in equation 2.12, which changes to the MEPDG (2002) model (equation 



























































           Equation (2.13) 
Gupta et al. (2007) predicted the following model (equation 2.14) to evaluate the resilient 
modulus with considering the effect of soil-moisture suction. They performed the resilient 
modulus tests for four different clays (PI ranging from 0 to 52) in Minnesota by using NCHRP 1-


































       Equation (2.14) 
Where  wa    is the matric suction; 11, are regression coefficients depending upon 
clay content or plastic limit.  
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2.6.3 Permanent deformation 
Due to non-elastic behavior of the soil, the rotation, slide, and rearrangement of the particle 
within soil occurs that cause the deformation of the subgrade soil under moving traffic loading. 
The irrecoverable deformation of the materials at the end of each load cycle is called the 
permanent deformation or the permanent strain (Figure 2.13). Many of the flexible pavements 
fail due to excessive rutting or permanent deformation of the pavement surface. Permanent strain 
also called plastic strain is denoted by εp and is calculated by using the repeated loading triaxial 
test in laboratory. 
 
Figure 2.13: Plastic deformation under cyclic loading (Huang 1993) 
Despite being a main cause of failure of flexible pavements, sometimes the permanent 
deformation gets little emphasis on design of pavements than resilient modulus or the resilient 
characteristic of materials. According to Puppala et al., (1999) some soils with better resilient 
characteristic might undergo excessive deformation under the traffic loading and that the 
material characterization also needs to include the  plastic characteristic of materials alongside 
with the  resilient characteristics in order to accurately predict the behavior of the flexible 
pavements. In laboratory two kinds of permanent deformation tests can be performed as 
mentioned earlier in section 2.6 (b).  
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Two different types of permanent deformation tests are being used in the laboratory tests. 
One test having constant confinement and deviatoric stress for 10,000 cycles of loading is 
referred as single-stage permanent deformation test; whereas the combination of six different 
single-stage deformation tests at different deviatoric stress is referred as multi-stage permanent 
deformation test. 
2.6.3.1 Single-stage permanent deformation: 
Single-stage permanent deformation test is performed in the laboratory to evaluate the 
deformation characteristic of the materials to be used in the pavement. Permanent deformation 
test does not have a standard procedure to be followed for the laboratory testing. However, stress 
level similar to AASTHO T-307 can be adopted for conditioning phase and the loading 
sequences after conditioning can be selected based on either the literature review or some static 
loading tests performed under the confining stress that could be expected during service period 
of the pavement. After conditioning, specimen will be loaded for 10,000 cycles under constant 
confining and deviatoric stress. A typical permanent deformation curve for single stage 
permanent deformation test is shown in Figure 2.14. The ordinate in Figure 2.14 represents the 
total vertical deformation, while abscissa at the same figure represents the number of passages of 
loading cycles.    
2.6.3.2 Multi-stage permanent deformation test: 
Multistate deformation test are combination of six single-stage deformation test in which 










. The shake 
down behavior of the materials can be analyzed with the multi-stage deformation test results. 
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Generally, the confining stress is kept constant and deviatoric stress will be changed to get 
different stress ratios. The deformation of the materials under Multi-stage deformation test 
increases as the ratio of the principal stresses increases (Figure 2.15) 
 
Figure 2.14: Typical permanent deformation curve under RLT test (Elliott et al., 1998) 
 
 
Figure 2.15: Typical curve under multi-stage permanent deformation (Werkmeister, 2003) 
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2.6.4 Models for permanent deformation of soils 
The power model proposed by Monismith et al. (1975) for silty clay (PI 15) is a widely 
accepted model to calculate the permanent deformation or rutting of the pavement with cohesive 
subgrade soils (Equation 2.15).  
b
p AN             Equation (2.15) 
Where, εp = Permanent or plastic deformation, N = Number of repetition of loads,  A and b are 
material properties (based on regression analysis) 
During this test samples of 2.8 in. diameter to 6 in. height are loaded for 10,000 cycles 
with some receiving up to 100,000. They found that the exponent term b depends only on soil 
type, and the parameter A has significant effect on the permanent deformation of the pavement. 
The value of b was ranged from 0.154 to 0.332; similarly for A, it ranged from 0.0467 to 39.5.  
Li and Selig (1996) modified this power model to predict the accumulated plastic 
deformation of subgrade soils and proposed the following model (Equation 2.16); 
mb
p aN  
      
        Equation (2.16) 
The material constants a, b and m can be calculated by using regression analysis. They 
also recommended the different values of a, b and m based on clay type. The term β, is the ratio 










 of soil, which was introduced to indirectly link the 
effect of moisture-density relation. 
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Elliott et al. (1998) proposed a linear model to correlate the permanent deformation to the 




of 0.95. From this model (Equation 2.17), it can be inferred that the 
permanent deformation is increasing rapidly in higher level of deviator stress ( d ) than with low 
deviator stress. 
dp  7618.04193.4             Equation (2.17)  
 All the tests for the model in equation 2.17 were performed under constant confining 
stress of 3 psi (21 kPa) with sinusoidal wave of 0.1 second loading and 0.9 second rest period. 
The samples were molded at 105%, 110%, 120% of optimum and 90%, 95%, 100% of maximum 
dry density.  Soils from six different locations were compacted in 4 inch diameter to 5 inch 
height mold and loaded to maximum load of 10,000 cycles.  
 Puppala et al. (2009) studied the permanent deformation test of silt, sand, and clay in the 
laboratory and predicted the four parameter model (Equation 2.18) that considers the effect of 



























p N            Equation (2.18) 
Repeated loading triaxial tests were performed on the laboratory molded samples at three 
different moisture contents to predict the model in Equation 2.18. The deviatoric stress were 
selected as 20%, 40% and 60% of failure deviatoric stress obtained from the unconsolidated-
undrained  (UU)  triaxial tests to simulate the different loading condition in the field. They 
40 
 
concluded that the permanent deformation not only depends upon the number of repetition of the 
loading cycles, but also it can be expressed as a function of octahedral normal and shear stresses.  
Wang et al. (2009) used the heavy vehicle simulator (HVS) to estimate the permanent 
deformation in the two kinds of subgrade soils (A-2-4 and A-4) and predicted the following 
model (Equation 2.19) for permanent deformation of the subgrade soils. They found significant 
difference in deformation predicted from MEPDG model to measured deformations and 





























          Equation (2.19) 
Where, r = resilient strain, cW = water content (%), ai, b = regression constants depending on 
the material properties. 
Luo et al. (2011) used the probabilistic model (Equation 2.20) to predict the rutting of 
subgrade soil under high speed railways that correlated the long term deformation of subgrade 














            Equation (2.20) 
Where, a, m, n, and b are constants to be determine statistically and K is relative compaction 




2.7 Factors affecting repeated loading characteristic of subgrade 
2.7.1 Stress state 
Generally, the resilient characteristic of the material increases with the increase in 
confinement, while the deviatoric stress has an opposite effect on it (Lee et al., 1997; 
Achampong et al., 1997; Dai and Zollars, 2002, Mohammad et al., 2008; Soliman et al., 2009). 
The confining stress is more pronounced in resilient modulus of granular soil; whereas deviator 
stress controls the resilient modulus of cohesive soils especially under constant confining stress 
(Santa, 1994; Mohammad et al., 1998; Kim and Kim, 2007).  
A result found by Mohammad et al. (2008) is presented in Figure 2.16 for untreated as 
well as cement and lime treated soils that shows a decreasing in resilient modulus rate of 
subgrade soil as the deviatiorc stress increases for same confining stress. Furthermore, it can be 
inferred from the same figure that the treated soils are more sensible to change in confining stress 
than the untreated soils.  
 
Figure 2.16: Mr with confining stress and cyclic stress (Mohammad et. al., 2008) 
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 On the other hand, researchers found less permanent deformation at high confining stress 
and high deformation with increase in deviator stress (Morgan 1966; Werkmeister, 2003, 
Puppala et al., 2009). The increase in stress ratio  31   also increases the permanent 
deformation of the specimens (Elliott et al., 1999, Werkmeister, 2003). Elliott et al. (1999) 
compared the permanent deformation in different stages of deviatoric loading to constant 
deviatoric loading and found less deformation in staged loading than constant application of 
loads. They first tested a specimen at 28 kPa of deviatoric load and then at 62 kPa and compared 
the result with the virgin specimen tested only at 62 kPa (Figure 2.17). It showed less 
deformation for the test of specimens started with the less deviatoric stress and upgraded to 
higher stress than that performed under same higher stress throughout the test. 
 
Figure 2.17: Repeated loading characteristic of soil at different stress ratio (Elliott et al., 1999) 
The change in behavior of the soil can be observed by different kind of tests like Atterberg 
limits, unconfined compression test etc. The resilient characteristic of the cementitiously 
stabilized layers is also expected to improve due to the addition of the stabilizers. However, the 
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improvement is a function of the type of stabilizer, stabilizer contents and soil type. Cement 
treated/stabilized soils has been showing greater resilient modulus than other kind of 
treated/stabilized soils under identical condition of loading and confinement. 
The research conducted by Mohammad et al. (2004) showed higher resilient modulus (Mr) 
of cement treated soil than lime treated and untreated soils (Figure 2.16). In other study, Solanki 
et al. (2009) found that the increase in resilient modulus values depending upon the types of the 
soil as well as the types and content of the additive. They used 4 different kinds of soil having 
plasticity indices of 5, 11, 29, and 21 (CL-ML, CL, CH, CL), respectively. The soils were treated 
with lime, class C fly ash (CFA), and cement kiln dust (CKD) and concluded that the low plastic 
soils have greater improvement as compared to the high plastic soils under identical conditions. 
Furthermore, lime stabilizer was the best for low application rate (3-6%), whereas CKD has best 
performance for higher rates (above 9%). The result from Achampong et al. (1997) also showed 
the increase in resilient modulus with increasing additive content. 
2.7.2 Density and moisture content 
The density of the treated/stabilized soil is directly related to the stiffness; hence the 
moisture–density relation has great impact on the resilient characteristic of the stabilized 
subgrade soil. Since the dry density is a function of the moisture content, the Mr will mostly be 
affected by it.  From previous research studies, one can conclude that the resilient modulus 
decreases with increase in moisture content (Mohammad et al., 1996; Drumm et al., 1997; Huang 
et al., 2001; Butalia et al., 2003) 
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Huang et al. (2001) found that the resilient modulus of a silty soil (LL = 38% and PI= 
17%) decreases by 50% for the specimens tested at saturated condition compared to that tested at 
optimum moisture content. Similar range of reduction was also observed by Butalia et al. (2003) 
and Li et al. (2003). Butalia et al. (2003) tested 6 different clay soils used in Ohio subgrade soil 
and concluded that the increase in the residual pore water pressure due to cyclic loading 
decreases the effective confining stress in saturated soil; and hence deteriorating the resilient 
modulus. The effect of moisture content in resilient characteristic is more pronounced in clays 
than in sands (Mohammad et al, 1996). Achampong et al. (1997) performed resilient modulus 
tests on lime/cement treated synthesis cohesive soils (PI 20 and 44) and found maximum resilient 
modulus at optimum moisture content than either side of optimum moisture content for lime 
treated soils. The cement treated soils were tested only in optimum moisture content, so there 
was no comparison of resilient modulus with water contents.   
Previous studies (Hulubec, 1969; Lekarp, 1997; Kolisoja & Dawson, 2004) on the effect 
of moisture content on the deformation of the soil subgrade indicated that the plastic deformation 
increases considerably with the increase in moisture content. The decrease in resistance to 
deform is mainly due to the decrease in the effective stress by increasing pore water pressure in 
poorly drained soil subgrade. Especially in case of cyclic loading on cohesive soils having poor 
drainage quality, the dissipation of pore water pressure is too slow that leads to increase in pore 
water pressure and decrease in effective stress.  
 It is difficult to simulate the effect of seasonal variation of the moisture content on 
resilient modulus under in-situ conditions. Furthermore, most of the researchers as well as 
agencies prefer to evaluate Mr at optimum moisture content or near the optimum moisture 
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content and the associated dry density (Kim, 1999; Butiala et al., 2003; Bandara and Rowe, 
2003), which is not representative of the soil moisture condition throughout the service life of the 
pavement structure.  
2.7.3 Soil matric suction 
Soil matric suction is a negative pore water stress developed due to capillarity, texture, 
and soil absorptive forces (Vipulanandan et al., 2001). Since the samples prepared in the lab at 
optimum moisture content, which are not saturated, the effect of the soil matric suction on 
resilient modulus and permanent deformation behavior is unavoidable. The moisture available in 
the soil particles causes the negative-pore water pressure or matric suction that directly affects 
the strength as well as stiffness of the soil; especially for fine grained soils (Sawangsuriya, 
2006). Matric suction increases the stiffness of the soil by increasing the effective stress, and 
hence increasing the resilient modulus by reducing the permanent deformation (Yang et al., 
2008, Sawangsuriya et al., 2009). 
Four different types of the subgrade soils having plasticity indices ranging from 9 to 52 
were used by Sawangsuriya et al. (2009) and compacted at 98% or 103% of maximum dry 
density based on Standard Proctor test and, a 350 kPa of matric suction was applied after 
saturation of the sample. They came up with a semi-logarithmic model (Equation 2.21) for the 
resilient modulus with matric suction, Mrs, with R
2 
value of 0.76 (Figure 2.18). 
Mrs
 
= -54.1+ 57.9 log (ua – uw)       (2.21) 




Figure 2.18: Matric suction on resilient modulus (Sawangsuriya et al., 2009) 
Similarly, Yang et al. (2008) used three different initial suction pressures of 50, 150 and 
450 kPa in two different subgrade soils from Taiwan (A-6 and A-7-6) compacted at optimum 
moisture content and then saturated by wetting to simulate field condition. They found that the 
resilient characteristic of the soil at higher moisture suction (450 kPa) increases with deviator 
stress and decreases with the increase in deviator stress when suction increased from 50 and 150 
kPa (Figure 2.19). 
 
Figure 2.19: Resilient modulus at different matric suction (Yang et al., 2008) 
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2.7.4 Other factors 
There are many other factors that might affect the resilient modulus and permanent 
deformation measurements of subgrade soil in the laboratory under repeated loading tests. The 
loading frequency and stress level used in the test, size of the specimen, thixotropy of the soil, 
angularity, texture, possible desiccation, percent of fines, shape and gradation of the soil and the 
compaction delay between mixing and final compaction are other kinds of factors that can affect 
the resilient modulus values and permanent deformation behavior of tested soils. Generally, the 
strength of the lime treated soils is affected by the compaction delay. Sometimes the position of 
the load cell in the chamber and associated correction for change in confining stress can affect 
the test results. Additionally, the position of LVDTs can largely affect the measured resilient 











CHAPTER 3 METHODOLOGY 
 This chapter will present the detailed procedures of all the laboratory tests performed to 
achieve the objectives of this study. The soils were collected from different locations in 
Louisiana, and all the samples used in this study were molded in the laboratory according to the 
available standard procedures by American Society of Testing and Materials (ASTM) or 
American Association of State Highway and Transportation Officials (AASHTO) or based on 
the literature review. For the laboratory testing program, lime and type-I Portland cement were 
considered as a candidate stabilizer to treat/stabilize five different soil types.  
3.1 Materials used 
Five different soil type of different plasticity (low PI to very high PI) as shown in Figure 
3.1 were selected for inclusion in this study. The results of Standard Proctor tests and gradation 
analysis of these soils are presented in Table 3.1.  
Table 3.1: Properties of soils used in the study 











Sand (%) Silt (%) Clay (%) 
1 Sandy soil 121.1 11.5 58.3 30.7 11.0 
2 Silty clay 107.8 18.0 15.6 62.4 22.0 
3 Silty clay 108.9 15.6 20.0 63.0 17.0 




87.8 25.7 1.6 26.4 72.0 





Figure 3. 1: Soil used in this study 
3.2 Classification of soils 
The soils used in the study were classified in accordance with the AASHTO soil 
classification and the Unified Soil Classification System (USCS). These classifications are based 
on the consistency limit and the particle-size analysis. The consistency limit tests include liquid 




D 4318 standard procedure. The ASTM D422 standard procedure was followed to perform 
particle-size analysis of fine grained soils that is based on the sedimentation of the particles, and 
is measured by flotation of hydrometer for 24 hours. The soils are finally classified and the 
results of Atterberg limit tests as well as AASHTO and USC classification are presented in Table 
3.2.  
Table 3.2: Classification of soils 
Soil 
# 













1 Mt Arcola Low PI 
 
23 15 8 A-4 ML 
2 ALF soil Low PI 33 19 14 A-6 CL 
3 Mound LA Medium PI 40 12 28 A-6 CL 
4 Mix soil High PI 61 18 43 A-7-6 CH 
5 Big River Heavy 
Clay 
96 29 67 A-7-6 CH 
 
3.3 Moisture-density of raw and treated/stabilized soils 
Standard Proctor tests of the raw soil as well as mixture of soil and stabilizers were 
performed in accordance with ASTM D 698 standard procedure to evaluate the maximum dry 
density and the optimum moisture content associated with that density. The compaction energy 
of 12.4 ft.lb/ft
3
 was applied by dropping 5.5 lb hammer from a height of 12 inch in three 
different layers with 25 number of blows/layer. The automatic compactor (Figure 3.2) was used 
to compact the raw soils as well as treated soils. The lime-treated soils were compacted in 
proctor after few hours of mixing to allow the mellowing period, whereas cement-treated soil 
specimens were compacted immediately after mixing. The detailed results of the standard 




Figure 3.2: Automatic compactor for standard proctor test 
3.4 Unconfined compressive strength (UCS) tests in the laboratory 
Unconfined compressive strength tests (UCS) were performed on the raw soils at 
different moisture contents to draw the soil strength versus moisture content to evaluate the 
threshold moisture content at which soil treatment is required. The UCS tests were also 
conducted on treated/stabilized soils to evaluate the suitability of the particular stabilizer for 
particular soil and the recipe (% of stabilizer) needed to achieve the target strength values of 50 
psi and 150 psi. Three moisture contents were selected for each soil type that gave a raw soil the 
UCS of 25 psi or less to simulate the field condition during construction of working platform for 
heavy equipment and/or for preparation of subgrade in pavement. The soils were mixed with 
various stabilizers (described earlier) dosages and compacted at three moisture contents selected 
based on the result of raw soil strength. The UCS tests of treated/stabilized soils were then 
performed at different dosage of stabilizers to evaluate the stabilizer dosage required to achieve 
the minimum UCS of 50 psi and 150 psi for working platform and subbase, respectively. 
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The untreated soil samples were tested immediately after compaction, whereas the 
treated/stabilized soil samples were cured in humid room for 7 days prior to testing. All the 
samples were molded in a mold having 5.6 inch in height and 2.8 inch in diameter. The molded 
samples were placed in airtight plastic wrapper, and kept in a 100% humid room in accordance 
with ASTM standard procedure. ASTM D 2166-06, ASTM D 5102-09, and ASTM D 1632 were 
followed to compact and test the raw, lime, and cement treated/stabilized soils, respectively. 
After 7 days of curing period, the soil samples were removed from the plastic wrapper. Cement 
treated/stabilized samples were submerged in the water bath for approximately 3 to 4 hour 
(ASTM D 1633-00) prior to testing; whereas lime treated/stabilized soils were kept above porous 
stone for capillarity suction for about 8 to 10 hours prior to testing based on literature review. 
Figure 3.3 and Figure 3.4 present detailed pictures of the work procedure from sample 
preparation until testing in the united testing machine.  
All the samples for UCS tests were compacted in five layers with 9 number of 
blows/layer to achieve approximately uniform energy that is equivalent to Standard Proctor test 
(12.4 ft.lb/ft
3
). The selected number of layers is consistent with the AASHTO T-307 for resilient 
modulus testing of cohesive soils. The number of blows per layer was determined by equating 
the compacting energy from 3 layers and 25 number of blows/layer of Standard Proctor test with 
the energy produced by five layers of soils in 2.8 inch diameter and 5.6 inch high mold while 
keeping the hammer weight as well as drop height constant. The following energy equation is 
used to calculate the required number of blow per layer:  









Figure 3.3: Detail of specimen preparation. (a) apparatus (b) hand mixing of soil and additives 
(c) compacting sample in 2.8 inch diameter mold (d) extruding sample from extruder 
 
Figure 3.4: Curing and handling of samples. (a) plastic wrapping, (b) sample in humid room, (c) 




3.5 Selection of additive contents for repeated loading triaxial tests 
The soil-stabilizers at different ratios were compacted in three different moisture contents 
and stored in the humid room (as described in section 3.3) for 7 days before UCS test. The 
variation of UCS of soil with additive/stabilizer contents mixed at different moisture contents at 
wet-side of optimum was studied and used to estimate the working additive contents for repeated 
load triaxial (RLT) tests that give a minimum UCS of 50 psi as well as 150 psi at three different 
moisture contents; hence yielding six different water-additive/stabilizer content ratios for each 
soil type.  The schematic diagram in Figure 3.5 presents the detailed procedure flowchart 
adopted during the selection of the moisture contents and stabilizer contents for the present 
study. 
3.6 Repeated load triaxial (RLT) tests 
The laboratory molded specimens were loaded through series of triaxial tests in material 
testing system (MTS 810) machine to characterize the materials at different moisture contents 
and different additive contents selected as per soil type as described in section 3.5. A load cell of 
5000 lbf was used to measure the magnitude of the applied load and two linearly variable 
differential transducers (LVDTs) were used inside the chamber to measure the deformation of 
the specimens during loading condition. The air was used as a confining continuum inside the 
chamber to confine the samples that were covered with membrane to protect probable damage 
from the confining pressure and clamped on the base plate. All the tests were performed in 
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drained condition by opening all the drainage valves. After setup the sample inside the chamber, 
the conditioning of sample was achieved by applying 1000 load cycles for the resilient modulus 
as well as for the permanent deformation tests. The conditioning of the specimens is essential as 
it is supposed to remove unevenness during preparation of the samples at both ends.  
 
Figure 3.5: Schemetic diagram showing the selection of the stabilizer 
3.6.1 Resilient modulus test 
The repeated load triaxial tests were performed in the laboratory using the MTS machine 
(Figure 3.6) to determine the resilient modulus (Mr) of the specimens. This test gives a direct 
Soil collection and classification 
 
Unconfined compressive 
strength (UCS) test of raw soil 
Increase water content 
UCS < 25 Psi 
Select 3 moisture contents 
having UCS< 25 Psi 
Preliminary selection of 
stabilizer based on soil type 
UCS test of soil at selected water 
content and different additive content 
UCS >50 Psi 
         >150 Psi 
Stabilizer content for RLT tests 
Either increase stabilizer content or 







measurement of the material properties of the soils that can be used as level I design input 
parameter to be used in the Mechanistic Empirical Pavement Design Guidelines (MEPDG). 
Despite viability of numbers of resilient modulus testing protocols, the AASHTO T-307 testing 
protocol is mostly used for the laboratory test of resilient modulus. This specification 
recommends two different loading conditions for the soil depending upon the position of layer in 
the pavement section. Relatively high stress levels are preferred for base/subbase materials than 
for the subgrade soils. The same haversine load pulse of duration of 0.1 sec and rest period of 0.9 
sec shown in Figure 3. 7 was applied to all samples for 15 different sequences with different 
peak loads. Table 3.3 presents the loading sequence for the subgrade soil as recommended by the 
AASHTO T-307. 
 
Figure 3. 6: MTS 810 machine (left) with sketch (right) used for the RLT tests 
The resilient modulus tests were performed on laboratory molded samples that were 
cured for 7 days as well as 28 days prior to testing. The AASHTO T-307 testing protocol for 




and 2 psi) with five different levels of deviatoric stresses of 2 psi, 4 psi, 6 psi, 8 psi, and 10 psi as 
described in  Table 3.3. 
 
Figure 3. 7:Haversine shaped loading during RLT test (NCHRP I-28A,2004). 













No. of Load 
Applications 
Conditioning 6 4 3.6 0.4 500-1000 
1 6 2 1.8 0.2 100 
2 6 4 3.6 0.4 100 
3 6 6 5.4 0.6 100 
4 6 8 7.2 0.8 100 
5 6 10 9.0 1 100 
6 4 2 1.8 0.2 100 
7 4 4 3.6 0.4 100 
8 4 6 5.4 0.6 100 
9 4 8 7.2 0.8 100 
10 4 10 9 1.0 100 
11 2 2 1.8 0.2 100 
12 2 4 3.6 0.4 100 
13 2 6 5.4 0.6 100 
14 2 8 7.2 0.8 100 
15 2 10 9 1 100 
* Total load applied from actuator rod 
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The data acquisition system is MTS was arranged so that only the data from last 5 cycle 
of each of the 15 sequences described in Table 3.3 were recorded. The resilient deformation was 
then evaluated by subtracting the average LVDT reading during each rest period (for 0.90 
seconds) from accumulated peak deformation of each cycle (for 0.10 seconds) of loading. The 
resilient modulus was than calculated as the ratio of peak of each of the five cyclic stresses with 
corresponding resilient strains. Finally, five different resilient moduli were then averaged to get a 
single value of resilient modulus for a sequence. Hence in final analysis, there were 15 different 
resilient moduli for a sample. These resilient modulus data were then fitted on non-linear 
regression models described in Chapter 2 to evaluate the regression parameters that depend on 
material properties. The detailed procedure adopted for regression analysis will be discussed 
later in section 3.6.4. The proposed testing factorial for resilient modulus is presented in Table 
3.4. 
Table 3.4: Testing factorial for resilient modulus tests (at 7 days curing time) 
Soil Type Untreated 
(if possible) 
MC 1 MC 2 MC 3 Total 
50 psi 150 psi 50 psi 150 psi 50 psi 150 psi 
1 2 2 2 2 2 2 2 14 (12**) 
2 2 4* 4* 4* 4* 4* 4* 26 (24**) 
3 2 2 2 2 2 2 2 14 (12**) 
4 2 2 2 2 2 2 2 14 (12**) 
5 2 4* 4* 4* 4* 4* 4* 26 (24**) 
* 2 samples for 28 days curing time ** actual samples tested     Grand Total: 94 (84
**
) 
3.6.2 Single-stage permanent deformation tests 
Single-stage permanent deformation tests were carried out on the laboratory molded 
samples using MTS machine to examine the resilient and permanent characteristic of the samples 
at different loading cycles. Unlike resilient modulus test, the permanent deformation test lacks a 
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standard protocol to be followed; hence the stress level to be applied during testing depends 
mainly on the expected stress on the pavement layers from the surface vehicular loading during 
the service life of roadways. In case of subgrade materials, the conditioning of the laboratory 
molded samples was achieved by applying a 6 psi of confining stress and 2.5 psi axial stress. 
After the completion of the conditioning, the samples were tested for 10,000 cycles at a 
confining stress of 2 psi and maximum deviatoric stress of 6 psi (5.4 psi cyclic stress). The 
loading conditions in this study were chosen based on previous tests conducted by Mohammad 
and Hearth (2005) for the subgrade soils in Louisiana. The factorial for single-stage permanent 
deformation test is presented in Table 3.5. 
Table 3.5: Testing factorial for single-stage permanent deformation tests (at 7 days curing time) 
Soil Type Untreated 
(if possible) 
MC 1 MC 2 MC 3 Total 
50 psi 150 psi 50 psi 150 psi 50 psi 150 psi 
1 2 2 2 2 2 2 2 14 (12**) 
2 2 4* 4* 4* 4* 4* 4* 26 (24**) 
3 2 2 2 2 2 2 2 14 (12**) 
4 2 2 2 2 2 2 2 14 (12**) 
5 2 4* 4* 4* 4* 4* 4* 26 (24**) 
* 2 samples for 28 days curing time, ** actual samples tested    Grand Total: 94 (84
**
) 
The data acquisition of the MTS machine for permanent deformation tests was adopted 
based on the literature review and experience from past studies performed in Louisiana 
Transportation Research Center (LTRC) for single-stage permanent deformation tests.  For the 
current study, 512 data were collected per cycle of loading similar to Souci (2009). The 
recording was 0-10/cycles, 10-100 at every 10
th
 cycles, and 100-1000 at every 50
th
 cycle, and 
1000 to 10,000 at every 100
th
 cycle of loading. Figure 3.8 shows the required apparatus and the 




Figure 3.8: Setting up of sample on base plate for test. 
3.6.3 Multi-stage permanent deformation test 
Multi-stage permanent deformation tests were performed to characterize the behavior of 
raw soil and treated/stabilized soil specimens under different deviatoric and confining stress 
levels and to evaluate the shakedown limits of the specimens. The proposed factorial for multi-
stage permanent deformation tests is presented in Table 3.6. 





MC 1 MC 2 MC 3 
Remarks 
50 psi 150 psi 50 psi 150 psi 50 psi 150 psi 
2 3 
 
3 3 3 3 3 3 21(18**) 
3 3 3 3 3 3 3 3 21(18**) 
5 3 3 3 3 3 3 3 21(18**) 
** Actual sample tested 
Initially, the static triaxial loading of the specimens were performed for soil 3 at different 




line. The stresses were then selected based on the developed p-q chart (Figure 3.9). Here, p is the 
mean stress defined as   3/321    and q is deviatoric stress defined as  31   . Three 
identical specimens were molded and tested at three different confining stresses of 6 psi, 4 psi, 
and 2 psi. The principal stresses ratios  31   were varied to obtain different deviatoric stresses 
by keeping the confining stress constant for the sample. Due to time constraint, three replicate 
samples were made for three types of soil only at the selected moisture content. Each of the 
samples were then loaded to 60,000 cycles having 6 different deviatoric cycles of loading under 
constant confining stress of 6 psi, 4 psi, and 2 psi with the stress ratios  31    of 2, 4, 6, 8, 10, 
and 12 in each condition of confinement were applied, i.e. three under three different confining 
stresses but same stresses ratios as presented in Table 3.7.   
 















































2 12 66.5 7.4 73.9 10,000 
Sample 
1 
2 4 24 133.0 14.8 147.8 10,000 
3 6 36 199.5 22.2 221.7 10,000 
4 8 48 266.0 29.6 295.6 10,000 
5 10 60 332.5 36.9 369.5 10,000 
6 12 72 399.0 44.3 443.3 10,000 
7 
4 
2 8 44.3 4.9 49.3 10,000 
Sample 
2 
8 4 16 88.7 9.9 98.5 10,000 
9 6 24 133.0 14.8 147.8 10,000 
10 8 32 177.3 19.7 197.0 10,000 
11 10 40 221.7 24.6 246.3 10,000 
12 12 48 266.0 29.6 295.6 10,000 
13 
2 
2 4 22.2 2.5 24.6 10,000 
Sample 
3 
14 4 8 44.3 4.9 49.3 10,000 
15 6 12 66.5 7.4 73.9 10,000 
16 8 16 88.7 9.9 98.5 10,000 
17 10 20 110.8 12.3 123.2 10,000 
18 12 24 133.0 14.8 147.8 10,000 
3.6.4 Statistical analysis of laboratory test data 
Statistical analysis system (SAS) was used to evaluate the resilient modulus regression 
parameters (k1, k2, and k3) in non-linear regression models presented in chapter 2 (equation 2.5 to 
2.14). These three parameters non-linear models that used to predict the resilient modulus of the 
subgrade soil were used for fitting the laboratory measured data and the best fit one among these 
models was selected for further analysis. Initially, Uzan (1985) model (equation 2.7), 
Mohammad et al. (1999) (equation 2.8), Ooi et al. (2004) (equation 2.10), and a model 
recommended by MEPDG (2002) (equation 2.13) were selected to evaluate the regression 
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parameters by the proc model procedure in SAS. Based on the coefficient of determination (R
2
) 
obtained from the non-linear regression, the MEPDG model gave the higher R
2
 value and, 
therefore, only the regression parameters based on this model were included in further analysis. 
The detailed proc model and sample SAS program to perform non-linear regression is presented 
in Appendix 1.  
3.7 Tube suction test 
Tube suction tests (TST) were performed on the soil samples to study the moisture 
susceptibility of treated/stabilized soil samples by indirect measurement of the dielectric value 
(DV) at the top of each specimen. The materials were than classified as good, acceptable, and 
moisture susceptible based on the dielectric value observed during 10 days of capillarity soaking. 
Due to lack of standard procedure to be followed, a plastic mold was drilled at bottom to open 
holes for capillarity soaking, which is a similar procedure used by Zhang and Tao (2009) in their 
study. The plastic mold having holes at the bottom was used during the TST as as shown in 
Figure 3.10 (a). Similarly, the percometer during DV measurement is shown in Figure 3.10 (b). 
 The samples were compacted at identical condition of moisture content and additive 
contents as the RLT tests. However, the sizes of the specimens were 4 inch in diameter and 7 
inch height and compacted inside plastic mold having number of holes at the bottom to ensure 
enough capillarity suction. All the samples were compacted using the standard proctor energy 
and cured for 7 days in the humid room. After 7 days of curing, the samples were kept in the 
oven at 40º C until the weight of the sample becomes constant. The samples were then placed 
above the porous stone with at least 0.20 inch of water to create submergence condition at the 
bottom part of the sample. Five readings were taken at different places at the top of the sample. 
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The lower and higher values were dropped in order to achieve the consistency. The Percometer 
(Figure 3.10) was used to measure the dielectric value of the soil-stabilizer specimens. The 
reading were recorded for at least 10 days or until the dielectric value becomes constant. The 
factorials for Tube suction test is also presented on Table 3.4.   
 
















CHAPTER 4 RESULTS AND ANALYSIS 
This chapter presents the results of all experimental work that were performed on the raw 
and treated/stabilized subgrade soils that were described in chapter 3 and the analysis and 
discussion of the results.   
4.1 Compaction characteristic 
This section presents the compaction characteristics curves determined for the soils used 
in the experimental work. Standard Proctor tests were performed on all five raw subgrade soils as 
well as the treated/stabilized soils as described in chapter 3. The compaction curves obtained for 
the raw soils subgrade and treated/stabilized soils are presented in Figure 4.1; while the 
compaction curves obtained for treated/stabilized soils are presented in Figures 4.2 through 4.6.  
 













































Figure 4.2: Compaction characteristics curve for stabilized soil 1 with cement 
 




























































































Figure 4. 4: Compaction characteristic curve for stabilized soil 3 with cement 
 
























































































Figure 4. 6: Compaction characteristic curve of stabilized soil 5 with cement 
The summary of the Standard Proctor test results of treated soils as compared with the 
raw soils is presented in the Table 4.1. There was almost no effect of the stabilizers on the 
compaction characteristics of the low plastic soils; however, high plastic soils showed significant 
change in the compaction characteristic after addition of the stabilizers (e.g., Figure 4. 5 for soil 
4). The maximum change in optimum moisture content (OMC) and maximum dry density 
(MDD) for the cement-treated soils were observed to be +1.3% and -1.5% for soil 3, 
respectively. Furthermore, the OMC of soil 1 and soil 2 did not change at all with the addition of 
cement and with less than 1% change in the MDD. On the other hand, the lime + Cement 
(additive) treated soil showed a maximum change of +5.4% in OMC and a maximum change of -
6.5% in the MDD. Additionally, lime additive increased the OMC of the heavy clay (soil 5) up to 
23.2% with the decrease in MDD by 6.8%. It is worth mentioning here that the low PI soils were 




























































(% by wt.) 
OMC MDD 
1 Cement 
0 11.5 121.1 -- -- 
4 11.5 120.3 0.0% -0.7% 
6 11.5 120.2 0.0% -0.7% 
8 11.5 120.0 0.0% -0.9% 
2 Cement 
0 17.5 107.0 -- -- 
4 17.5 107.7 0.0% 0.7% 
6 17.5 107.2 0.0% 0.2% 
8 17.5 107.4 0.0% 0.4% 
3 Cement 
0 15.8 108.9 -- -- 
4 16.0 107.2 1.3% -1.6% 
6 16.0 107.2 1.3% -1.6% 




0 22.2 102.0 -- -- 
4 23.4 96.8 5.4% -5.1% 
6 23.4 95.8 5.4% -6.1% 
8 23.4 95.4 5.4% -6.5% 
5 Lime 
0 28.4 87.8 -- -- 
4 33.8 83.6 19.0% -4.8% 
6 33.8 82.8 19.0% -5.7% 
8 35.0 81.8 23.2% -6.8% 
** OMC = optimum moisture content 
* MDD = maximum dry density 
4.2 Unconfined compressive strength 
The unconfined compressive strength tests of the raw soils were performed on samples 
prepared at wet side of optimum to evaluate the minimum moisture content that corresponds to 
unconfined compressive strength (UCS) of 25 psi or less. A series of UCS tests were conducted 
on raw soils at different moisture contents and plotted versus each other. The variation of the 
UCS of the raw soils with moisture contents is presented in Figures 4.7 through 4.11. This chart 
is important in the selection of the working moisture contents for sample preparation for UCS 
and repeated loading triaxial (RLT) tests of the treated/stabilized subgrade soils in the study. The 
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set of moisture contents producing soil strength of 25 psi or less for the five raw soils were 
chosen for treatment/stabilization and are summarized in Table 4.2. 
 
Figure 4.7: Variation of UCS of with moisture content (soil 1) 
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Figure 4.9: Variation of UCS with moisture content (soil 3) 
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Figure 4.11: Variation of UCS with moisture content (soil 5) 
Table 4.2: Summary of selected working moisture contents 
Soil # Soil Name Moisture Content 1 Moisture content 2 Moisture content 3 
1 Low PI 14% 17% 20% 
2 Low PI 22% 24% 28% 
3 Medium PI 24% 28% 32% 
4 High PI 31% 35% 39% 
5 Heavy clay 42% 46% 52% 
The raw materials were prepared at the selected moisture contents and mixed with the 
specific additive (cement, lime or lime + cement) at different percent to determine the percent of 
additive dose needed to achieve the target UCS of 50 psi and 150 psi at 7 days of curing period. 
The 7 days UCS tests of treated/stabilized soils at different cement/lime and at pre-selected water 
contents were performed. The improvement in the UCS of the treated/stabilized soil was 
observed with the increase in the additive contents. The minimum additive contents that yield the 
7 days UCS of 50 psi as well as 150 psi were selected to fulfill the criteria for treated/stabilized 

































Moisture content % 
Soil 5
25 psi 
range of MC 
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Figure 4.12 through 4.17 present the variation of UCS values at different combination of 
stabilizer and water contents for soils selected in the study. Based on these results, the final 
additive contents for the study were selected and are presented on Table 4.3 . 
 
Figure 4.12: Variation of UCS with different water-cement combination (soil 1) 
 















































































Figure 4.14: Variation of UCS with different cement-water combination (soil 3) 
 



































































Figure 4.16: variation of UCS with lime-water combination (soil 5) 







































































Table 4.3: Selected additives type and additive contents for different soils 
Soil # Soil type 
MC1 MC2 MC3 
Additive selected 
50 psi 150 psi 50 psi 150 psi 50 psi 150 psi 
1. Low PI 0.5% 1% 1% 2% 2% 3% Cement 
2. Low PI 1% 4% 2% 6% 4% 8% Cement 
3. Medium PI 1% 5% 2% 8% 4% 10% Cement 
4. High PI 2%** 6%** 3%** 8%** 4%** 10%** Lime + cement 
5. Heavy clay 3%* 6%** 5%* 8%** 7%* 12%** Lime + cement 
*  Lime only for  50  Psi strength samples. ** lime + cement (1:1) 
The stress-strain behavior of the raw soil specimens were compared with the 
treated/stabilized soil specimens prepared at the pre-selected moisture contents and additive 
contents as possible, since it was not possible to test the raw soil samples at higher moisture 
contents. The addition of stabilizers enhances the strength and stiffness modulus of the raw soils; 
while at the same time the soil losses its ductile nature or cohesive nature and become more 
brittle as the axial strain reduced considerably with increase in additive contents. Typical stress-
strain curves of soil specimens with different types of stabilizers are presented in Figures 4.18 
through 4.23. The  figures clearly indicate that the stress-strain curves shift towards the left hand 
side as the strain at failure reduced with the increase in stabilizer content; hence, increasing the 
elastic modulus and shear modulus of the treated/stabilized soils. 
In comparison, the cement additive makes the soil more brittle than the lime additive 
under identical condition of stabilizer and water content. The cement-treated soil 3 showed 
almost 50% decrease in axial strain at failure when compared with lime-treated soil (Figure 4.20 




Figure 4.18: Stress-strain relation for soil 1 with cement (MC1) 
 















































Figure 4.20: Stress-strain relationship for soil 3 with cement (MC1) 
 














































Figure 4.22: Stress-strain relationship for soil 4 with cement + lime (MC1)
 
Figure 4.23: Stress-strain relationship of soil 5 with different cement + lime (MC1) 
4.3 Resilient modulus test 
Extensive resilient modulus tests were performed in the laboratory using the MTS 
machine on the treated/stabilized soil specimens prepared at three moisture contents as presented 










































chapter 3. The purpose of the resilient modulus tests was to evaluate the effect of different 
combination of moisture content to additive ratio on the resilient modulus. Since the raw soil 
samples were too wet and weak, only the performance of treated/stabilized soil samples cured at 
7 days were observed and included in the analysis part. Furthermore, for soil 2 and soil 5, the 
performances of treated samples after 7 days curing were compared with performances of treated 
samples at 28 days curing period. Among the various factors affecting the resilient response of 
the soil, the effect of factors like stress state, water/stabilizer ratio, plasticity index, and curing 
time were studied and are presented in sections 4.3.1 to 4.3.4. Typical resilient modulus curve 
obtained from the laboratory tests of treated/stabilized specimens for the 50 psi UCS cured for 7 
days before test, are presented in Figures 4.24 through 4.28; and the summary of the resilient 
modulus tests are summarized in Tables 4.4 through 4.10. All identical curves are also presented 
in Appendix 2. Additionally, the resilient modulus of two replicate soil specimens prepared for 
all soils at different water/stabilizer combination were statistically compared at 2 psi of confining 
stress and 6 psi of deviatoric stress and are presented in Table 4.11.  
 






















































Figure 4.25: Resilient modulus of soil 2 at MC1 
 








































































































Figure 4.27: Resilient modulus of soil 4 at MC1 
 













































































































Table 4.4: Resilient modulus of soil 1 (7 days curing period) 
 
* 50 psi UCS ** 150 psi UCS; S (1) = sample 1, S (2) = sample 2 
  
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 10.6 9.1 9.87 17.0 19.6 18.29 8.5 6.5 7.49 43.2 42.4 42.79 37.5 36.8 37.16 68.2 70.0 69.13
3.6 8.6 7.8 8.18 14.8 17.4 16.08 7.0 5.7 6.35 36.0 38.8 37.37 30.3 31.4 30.83 64.0 66.0 64.99
5.5 7.5 6.7 7.12 12.9 15.1 14.00 5.7 5.0 5.32 33.1 38.0 35.56 28.2 31.0 29.62 62.0 64.1 63.02
7.2 7.4 6.6 6.99 11.6 13.8 12.69 5.4 5.3 5.35 31.4 37.9 34.62 27.1 30.4 28.77 61.7 62.2 61.94
9.0 7.6 7.1 7.34 11.2 12.6 11.91 5.8 5.9 5.84 29.9 37.8 33.85 26.7 27.0 26.88 61.4 65.7 63.55
1.8 7.8 6.4 7.11 11.7 14.8 13.23 6.0 6.4 6.23 24.9 24.8 24.87 27.7 29.2 28.47 48.1 53.1 50.60
3.6 6.3 5.4 5.82 10.1 11.8 10.96 4.8 5.0 4.92 23.6 24.5 24.05 25.9 23.5 24.73 46.0 52.3 49.15
5.5 6.3 5.6 5.95 9.4 11.0 10.18 4.9 5.0 4.95 24.0 26.0 25.04 25.5 22.9 24.21 47.4 53.1 50.27
7.2 6.7 6.0 6.32 9.4 10.6 9.99 5.1 5.3 5.21 25.9 27.6 26.76 25.4 22.9 24.16 48.7 54.7 51.69
9.0 7.1 6.4 6.79 9.5 10.5 10.01 5.5 5.8 5.63 27.1 29.0 28.07 25.6 22.7 24.13 51.2 55.0 53.13
1.8 6.2 5.5 5.85 7.0 11.0 8.97 5.4 5.3 5.36 14.6 17.0 15.81 22.0 17.0 19.51 29.9 34.5 32.18
3.6 5.2 4.4 4.80 6.3 8.7 7.51 4.2 4.3 4.26 15.9 18.5 17.23 21.7 17.3 19.50 30.5 34.9 32.71
5.5 5.4 4.8 5.09 6.5 8.2 7.36 4.3 4.4 4.35 17.0 20.3 18.65 21.3 18.5 19.92 33.3 37.1 35.20
7.2 5.7 5.3 5.53 6.9 8.3 7.61 4.7 4.9 4.76 18.7 21.6 20.14 21.5 19.4 20.42 36.0 39.9 37.94









Soil 1 resilient modulus test (7 days curing period)
14% MC 17%MC 20%MC
50 psi* 150 psi** 50 psi* 150 psi** 50 psi* 150 psi**
Average Average Average Average
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Table 4.5: Resilient modulus of soil 2 (7 days curing period) 
 
* 50 psi UCS, ** 150 psi UCS; S (1) = sample 1, S (2) = sample 2 
 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 5.9 7.0 6.45 29.1 39.1 34.08 13.8 15.3 14.54 37.0 36.5 36.74 23.9 24.3 24.14 43.6 43.8 43.69
3.6 4.4 5.4 4.86 26.9 30.6 28.71 11.3 13.0 12.16 35.1 33.3 34.21 22.0 22.0 22.04 38.6 37.9 38.25
5.5 3.7 4.3 4.00 26.2 27.9 27.03 9.4 10.9 10.11 34.3 32.3 33.33 19.4 20.2 19.79 34.8 36.3 35.53
7.2 3.4 3.9 3.67 25.1 25.7 25.38 8.3 9.4 8.87 34.2 30.3 32.28 18.8 18.6 18.70 33.4 35.1 34.25
9.0 3.4 3.8 3.62 24.8 24.7 24.75 7.7 8.7 8.20 34.7 28.1 31.40 18.2 17.5 17.87 33.0 33.4 33.19
1.8 4.3 5.5 4.89 23.5 26.0 24.74 10.6 11.8 11.20 26.9 28.8 27.83 21.0 20.4 20.67 40.6 33.5 37.04
3.6 3.2 4.0 3.59 21.7 22.5 22.09 8.4 9.6 8.99 23.4 26.1 24.76 19.0 17.9 18.43 32.4 31.8 32.14
5.5 2.9 3.6 3.24 21.4 21.3 21.34 7.4 8.5 7.95 24.2 25.1 24.64 18.0 16.8 17.39 29.1 30.8 29.97
7.2 3.0 3.5 3.27 21.6 21.1 21.37 7.1 8.0 7.57 25.8 25.1 25.44 17.5 16.2 16.83 28.5 30.8 29.67
9.0 3.2 3.7 3.47 21.8 21.4 21.62 6.8 7.6 7.20 27.0 25.6 26.29 17.2 15.9 16.51 29.1 30.5 29.78
1.8 3.3 4.2 3.78 16.0 21.2 18.63 8.5 9.5 9.01 14.4 13.6 14.01 16.9 14.8 15.88 31.0 26.2 28.61
3.6 2.5 3.1 2.76 15.7 18.3 17.00 6.5 7.6 7.06 15.9 14.6 15.23 15.5 14.0 14.77 24.1 25.4 24.76
5.5 2.4 2.9 2.64 16.0 17.7 16.84 5.9 6.7 6.32 18.2 18.7 18.45 15.0 13.6 14.33 23.5 25.1 24.30
7.2 2.6 3.1 2.84 16.7 18.0 17.33 5.8 6.6 6.18 19.6 20.0 19.81 14.9 13.7 14.29 24.2 25.5 24.87

















Table 4.6: Resilient modulus of soil 2 (28 days curing period) 
 
* 50 psi UCS, ** 150 psi UCS; S (1) = sample 1, S (2) = sample 2 
 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 5.9 5.7 5.84 38.8 32.9 35.83 14.1 14.8 14.43 41.2 40.0 40.62 25.8 25.3 25.54 37.4 36.9 37.15
3.6 4.4 4.3 4.35 32.7 27.4 30.05 11.6 11.8 11.73 33.2 33.3 33.24 22.8 22.8 22.81 34.2 35.6 34.90
5.5 3.7 3.5 3.58 27.7 26.0 26.83 9.9 10.1 10.01 29.4 28.6 29.02 20.2 20.2 20.18 32.7 33.0 32.85
7.2 3.4 3.3 3.37 25.9 24.8 25.34 8.9 9.0 8.97 28.1 27.6 27.87 19.3 19.1 19.18 32.2 33.1 32.65
9.0 3.4 3.5 3.47 24.7 24.6 24.64 8.2 8.5 8.35 26.9 28.6 27.74 18.9 19.3 19.09 30.6 29.7 30.13
1.8 4.3 4.7 4.51 24.0 20.1 22.03 11.4 11.3 11.36 23.9 23.2 23.56 19.9 20.3 20.08 44.2 43.0 43.63
3.6 3.2 3.5 3.34 21.4 19.7 20.56 9.4 8.8 9.13 21.6 20.5 21.09 16.5 16.9 16.70 31.8 29.2 30.50
5.5 2.9 3.1 3.02 20.4 20.3 20.37 8.2 7.7 7.93 21.2 21.1 21.12 16.7 16.2 16.47 29.9 28.2 29.01
7.2 3.0 3.2 3.12 20.6 20.5 20.57 7.6 7.4 7.50 21.5 22.1 21.81 15.7 16.2 15.94 28.6 27.9 28.23
9.0 3.2 3.5 3.34 21.0 20.9 20.95 7.3 7.4 7.31 22.5 23.3 22.93 16.2 16.5 16.37 27.5 28.4 27.90
1.8 3.3 4.2 3.77 14.9 11.6 13.25 8.9 8.6 8.71 14.5 14.9 14.71 12.5 12.7 12.60 25.7 24.5 25.12
3.6 2.5 3.0 2.73 14.5 13.1 13.80 6.9 6.5 6.71 16.3 15.1 15.68 11.9 11.5 11.70 23.7 21.2 22.45
5.5 2.4 2.8 2.59 15.0 14.4 14.67 6.2 5.9 6.04 16.4 16.0 16.19 11.9 11.8 11.89 23.3 21.7 22.48
7.2 2.6 3.0 2.79 15.6 15.5 15.56 6.1 6.0 6.04 16.8 17.3 17.04 12.3 12.4 12.37 23.4 22.5 22.95













50 psi* 150 psi** 50 psi* 150 psi**
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Table 4.7: Resilient modulus of soil 3 (7 days curing period) 
 




S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 4.7 4.6 4.65 29.8 30.1 29.95 12.4 13.9 13.17 36.0 34.1 35.07 27.0 25.4 26.21 38.6 41.0 39.77
3.6 3.7 3.4 3.55 28.2 26.2 27.20 10.8 11.9 11.33 33.3 29.3 31.28 24.3 21.9 23.11 38.4 36.2 37.32
5.5 3.1 3.0 3.04 28.2 24.2 26.21 9.4 10.3 9.86 30.6 28.3 29.44 23.0 20.3 21.67 36.3 35.7 35.96
7.2 3.2 3.1 3.14 27.5 23.6 25.50 8.6 9.2 8.88 28.5 28.7 28.61 22.0 20.0 20.96 34.9 35.2 35.05
9.0 3.5 3.4 3.46 26.7 23.7 25.22 8.1 8.7 8.37 28.6 29.0 28.78 21.1 19.7 20.40 34.7 35.6 35.14
1.8 4.6 4.2 4.38 23.0 23.0 23.00 10.5 11.1 10.81 25.2 25.8 25.50 20.9 21.5 21.20 29.5 31.8 30.66
3.6 3.4 3.3 3.33 21.4 19.4 20.39 8.7 9.1 8.90 22.8 22.8 22.79 20.2 19.4 19.81 26.6 28.7 27.64
5.5 3.1 3.1 3.10 22.0 19.4 20.69 7.8 8.2 7.98 23.2 23.1 23.17 19.9 18.6 19.25 26.8 29.1 27.99
7.2 3.3 3.2 3.24 22.6 19.7 21.13 7.4 7.8 7.60 23.9 23.6 23.74 19.7 18.3 19.01 28.1 30.2 29.14
9.0 3.6 3.4 3.49 23.5 20.1 21.80 7.1 7.7 7.40 24.8 24.7 24.77 19.5 18.1 18.79 29.5 31.3 30.41
1.8 3.8 3.4 3.64 19.2 16.7 17.95 8.5 8.9 8.67 20.2 17.1 18.66 15.8 20.0 17.90 18.8 21.8 20.29
3.6 2.9 2.7 2.77 17.9 15.5 16.71 6.7 7.1 6.90 18.4 17.0 17.70 15.8 15.9 15.82 19.6 21.8 20.68
5.5 2.8 2.6 2.71 18.1 15.5 16.84 6.2 6.5 6.34 18.9 18.1 18.50 15.8 16.0 15.91 20.7 22.9 21.83
7.2 3.0 2.8 2.94 19.0 16.2 17.62 6.1 6.4 6.22 19.9 18.9 19.40 16.1 16.4 16.25 22.7 24.0 23.35








24% MC 28%MC 32%MC






Table 4.8: Resilient modulus of soil 4 (7 days curing period) 
 
* 50 psi UCS, ** 150 psi UCS; S (1) = sample 1, S (2) = sample 2 
 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 14.1 15.1 14.65 29.1 30.0 29.53 13.1 13.4 13.27 22.1 21.5 21.79 11.7 11.6 11.66 29.3 27.3 28.32
3.6 12.7 12.4 12.55 26.2 22.2 24.20 11.1 10.8 10.96 20.9 20.0 20.44 10.1 9.6 9.88 26.7 25.9 26.28
5.5 11.3 10.6 10.93 25.4 21.6 23.50 9.6 9.1 9.32 20.1 19.2 19.66 8.6 8.4 8.54 25.2 24.6 24.91
7.2 10.4 9.8 10.08 25.3 21.6 23.44 8.7 8.5 8.59 19.5 18.8 19.16 7.7 7.7 7.71 23.9 23.2 23.54
9.0 9.6 9.1 9.36 24.9 22.0 23.47 8.1 7.8 7.93 19.1 19.1 19.08 7.0 7.1 7.05 22.9 22.2 22.57
1.8 12.3 12.1 12.16 20.4 23.0 21.69 10.6 10.4 10.48 16.2 15.1 15.66 10.1 9.7 9.89 19.9 18.2 19.06
3.6 10.9 10.7 10.81 18.4 16.9 17.62 9.2 8.9 9.07 15.1 14.3 14.71 8.4 8.3 8.35 19.2 19.0 19.10
5.5 9.9 9.6 9.72 18.7 16.9 17.80 8.2 7.8 7.99 15.3 14.7 14.99 7.4 7.1 7.23 19.5 19.5 19.48
7.2 9.2 8.8 9.01 19.4 17.6 18.51 7.6 7.2 7.42 15.5 15.1 15.32 6.7 6.6 6.66 19.5 19.5 19.49
9.0 8.9 8.4 8.67 20.3 18.6 19.48 7.4 7.0 7.21 16.0 15.7 15.83 6.5 6.4 6.44 19.5 20.0 19.75
1.8 9.6 9.5 9.54 13.2 12.4 12.81 8.8 7.9 8.35 11.0 10.8 10.89 8.1 7.7 7.91 13.9 11.3 12.58
3.6 9.1 8.8 8.95 13.3 12.5 12.90 7.8 6.9 7.32 10.3 10.7 10.51 7.1 6.5 6.83 13.9 12.5 13.18
5.5 8.5 8.0 8.25 14.1 13.2 13.66 6.9 6.3 6.63 10.9 11.3 11.11 6.2 5.9 6.06 14.7 13.9 14.31
7.2 8.0 7.5 7.75 15.0 14.2 14.60 6.5 6.0 6.26 11.6 11.9 11.74 5.8 5.6 5.71 15.5 15.0 15.23









31% MC 35%MC 39%MC
50 psi* 150 psi** 50 psi* 150 psi** 50 psi* 150 psi**
Average Average Average Average
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Table 4.9: Resilient modulus of soil 5 (7 days curing period) 
 
* 50 psi UCS, ** 150 psi UCS; S (1) = sample 1, S (2) = sample 2 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 10.6 10.2 10.41 25.3 26.4 25.86 8.5 8.9 8.69 20.3 21.3 20.79 10.7 12.4 11.56 22.2 21.6 21.92
3.6 9.7 9.3 9.46 23.7 23.5 23.57 7.3 7.8 7.55 18.2 19.8 18.98 10.0 11.1 10.56 18.8 19.2 19.03
5.5 8.6 8.4 8.49 22.2 22.3 22.27 6.5 6.9 6.71 16.9 18.3 17.58 9.3 9.9 9.61 16.8 17.3 17.03
7.2 7.8 7.8 7.78 21.2 21.8 21.49 6.0 6.4 6.16 16.2 17.8 17.02 8.7 9.5 9.12 15.5 15.8 15.68
9.0 7.1 7.4 7.25 20.8 21.9 21.36 5.6 5.9 5.76 16.0 17.6 16.81 8.3 9.2 8.75 14.9 15.3 15.08
1.8 9.5 9.2 9.33 23.4 22.0 22.71 6.7 7.6 7.15 16.3 19.3 17.83 9.2 10.4 9.82 17.2 17.4 17.28
3.6 8.6 8.3 8.50 21.1 20.0 20.53 6.1 6.7 6.41 15.3 17.3 16.30 8.0 9.3 8.66 14.8 15.0 14.89
5.5 7.8 7.8 7.79 20.0 19.4 19.70 5.5 6.1 5.77 14.3 16.3 15.34 7.6 8.7 8.11 13.8 14.2 14.03
7.2 7.3 7.4 7.36 19.4 19.4 19.41 5.2 5.6 5.40 14.1 15.7 14.90 7.4 8.4 7.87 13.4 14.0 13.67
9.0 6.9 7.1 7.00 19.1 19.5 19.30 5.1 5.4 5.25 14.1 15.9 15.01 7.4 8.3 7.85 13.2 13.8 13.49
1.8 8.3 7.9 8.11 17.5 16.6 17.07 5.4 6.0 5.70 11.8 13.3 12.56 6.6 7.1 6.88 11.2 13.4 12.27
3.6 7.9 7.4 7.69 16.4 15.6 15.97 4.9 5.4 5.19 11.0 12.5 11.76 6.2 6.6 6.36 10.8 11.6 11.18
5.5 7.3 7.0 7.15 16.1 15.5 15.82 4.6 5.0 4.80 11.1 12.4 11.76 6.0 6.6 6.32 10.5 11.3 10.91
7.2 6.8 6.7 6.74 16.2 15.9 16.07 4.3 4.8 4.58 11.3 12.7 11.99 6.0 6.6 6.32 10.5 11.3 10.92
9.0 6.5 6.4 6.49 16.3 16.5 16.42 4.3 4.7 4.50 11.6 13.1 12.31 6.1 6.8 6.45 10.7 11.5 11.13
42% MC 46%MC










Average Average Average Average
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Table 4.10: Resilient modulus of soil 5 (28 days of curing period) 
 
* 50 psi UCS, ** 150 psi UCS; S (1) = sample 1, S (2) = sample 2 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
1.8 10.5 9.0 9.77 29.0 29.4 29.19 9.8 10.5 10.11 29.9 28.0 28.94 12.4 10.2 11.32 29.0 29.9 29.46
3.6 9.6 8.5 9.03 26.1 28.0 27.01 8.5 9.5 9.02 27.9 25.4 26.68 11.4 9.2 10.30 26.8 24.9 25.85
5.5 8.7 7.8 8.26 25.2 27.5 26.37 7.8 8.8 8.28 25.1 25.8 25.41 10.7 8.8 9.74 25.2 24.2 24.66
7.2 8.1 7.3 7.66 25.0 27.1 26.03 7.4 8.2 7.84 23.3 25.0 24.14 10.4 8.7 9.55 24.2 24.1 24.16
9.0 7.6 7.0 7.30 24.9 26.9 25.87 7.2 7.9 7.54 23.1 24.9 24.02 10.0 8.5 9.25 24.1 24.7 24.38
1.8 9.6 8.2 8.91 25.6 23.6 24.62 8.3 8.8 8.54 21.3 19.3 20.29 10.4 8.3 9.35 23.7 22.6 23.15
3.6 8.4 7.4 7.91 23.0 23.0 23.00 6.9 7.6 7.25 18.6 19.2 18.93 8.9 7.1 8.04 21.3 20.6 20.97
5.5 7.7 6.9 7.30 22.6 22.8 22.67 6.5 7.1 6.79 18.2 20.0 19.11 8.5 6.8 7.65 20.7 20.4 20.54
7.2 7.3 6.5 6.92 22.4 23.2 22.79 6.3 7.0 6.63 18.6 20.4 19.50 8.4 6.9 7.67 20.6 20.7 20.65
9.0 7.1 6.4 6.76 22.7 23.4 23.06 6.4 7.0 6.69 19.3 21.2 20.28 8.6 7.1 7.88 20.9 21.2 21.06
1.8 7.4 6.3 6.85 20.5 17.4 18.94 6.4 7.3 6.84 14.9 11.4 13.14 8.4 6.1 7.26 14.5 15.1 14.78
3.6 7.2 6.0 6.61 19.5 17.3 18.41 5.7 6.3 6.02 13.4 12.5 12.94 7.1 5.6 6.33 14.7 14.6 14.65
5.5 6.8 5.8 6.31 19.3 18.0 18.64 5.4 6.0 5.68 13.6 14.2 13.92 6.8 5.4 6.09 15.3 14.9 15.08
7.2 6.5 5.7 6.10 19.2 18.7 18.97 5.3 5.9 5.60 14.2 15.4 14.80 6.8 5.5 6.14 15.9 15.5 15.70














Table 4.11: Statistical analysis of resilient modulus data 
 
* 50 psi UCS, ** 150 psi UCS 
 
Out of all regression models discussed in chapter 3, only three models presented in 
equations 4.1 (NCHRP, 2002), 4.2 (Uzan, 1985), 4.3 (Mohammad et al., 1999) and 4.4 (Ooi et 
al., 2004) were selected for regression analysis to evaluate regression coefficients k1, k2, and k3 
and were compared. Finally, the results of non-linear regression based on these equations by 
using SAS are presented in Tables 4.12 through 4.18 for soil 1, 2, 3, 4, and 5, respectively.  









































































      Equation 4.4 
5.40 4.79 5.09 0.30 4.28 4.43 4.35 0.07 21.33 18.51 19.92 1.41 *
6.50 8.22 7.36 0.86 16.99 20.30 18.65 1.66 33.26 37.14 35.20 1.94 **
2.41 2.88 2.64 0.23 5.93 6.72 6.32 0.39 15.03 13.62 14.33 0.70 *
16.02 17.65 16.84 0.81 18.22 18.69 18.45 0.23 23.50 25.10 24.30 0.80 **
2.81 2.61 2.71 0.10 6.22 6.46 6.34 0.12 15.77 16.05 15.91 0.14 *
18.12 15.55 16.84 1.29 18.94 18.06 18.50 0.44 20.72 22.94 21.83 1.11 **
8.46 8.03 8.25 0.22 6.94 6.33 6.63 0.30 6.23 5.89 6.06 0.17 *
14.12 13.20 13.66 0.46 10.94 11.28 11.11 0.17 14.70 13.92 14.31 0.39 **
7.29 7.01 7.15 0.14 4.59 5.02 4.80 0.21 6.02 6.62 6.32 0.30 *














































Based on the results of regression analysis the highest coefficient of determination (R
2
) 
was observed for equation 4.3 proposed by Mohammad et al. (1999) to predict resilient modulus 
of subgrade soils in Louisiana. Similarly, from regression analysis using equations 4.1 and 4.2 
yields approximately equal values of k1, k2, and k3 coefficients or parameter with almost identical 
R
2
 value. However, the regression coefficients given by equation 4.4 were largely different than 
the coefficients obtained from equations 4.1 through 4.3 (Table 4.12 to 4.18). The NCHRP (or 
MEPDG) model was used for the rest of analysis since the deviatoric stress and normal stress 
models are obsolete among researchers. For verification the predicted values of resilient modulus 
from NCHRP regression analysis model were plotted against measured values for each soil type 
and are presented in Figures 4.29 through 4.38 for soil 1, 2, 3, 4, and 5, respectively. The figure 
showed good correlation between predicted and measured Mr values with corresponding R
2
 
value 0.94 to 0.99. Furthermore, it was found that the regression parameter k1 is largely 
dependent on the water/stabilizer ratio. The R
2
 value of 0.83 and 0.78 was observed between 
water/cement ratio and water/additive ratio with regression coefficient k1, respectively (Figures 
4.39 and 4.40). However, it was hard to find the effect of water/stabilizer on the other two 
regression coefficients, k2 and k3.  
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Table 4.12: Summary of non-linear regression (soil 1) at 7 days curing period 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 609.54 504.60 557.07 623.64 514.69 569.16 431.07 417.90 424.48 298.28 251.36 274.82
k2 0.54 0.52 0.53 0.54 0.52 0.53 0.63 0.63 0.63 1.05 1.02 1.03
k3 -2.05 -1.58 -1.81 -1.13 -0.88 -1.01 -0.34 -0.29 -0.32 -1.15 -0.90 -1.03
R² 0.78 0.70 0.80 0.71 0.91 0.83 0.79 0.72
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1006.78 1269.83 1138.30 1038.47 1309.59 1174.03 641.79 664.72 653.26 290.85 451.64 371.24
k2 0.95 0.77 0.86 0.95 0.77 0.86 1.06 0.86 0.96 1.82 1.52 1.67
k3 -3.35 -3.47 -3.41 -1.83 -1.89 -1.86 -0.52 -0.50 -0.51 -1.88 -1.94 -1.91
R² 0.97 0.95 0.97 0.96 0.98 0.96 0.96 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 402.21 492.84 447.53 407.72 505.08 456.40 337.41 312.10 324.75 302.25 266.77 284.51
k2 0.21 0.46 0.34 0.22 0.46 0.34 0.28 0.55 0.41 0.42 0.91 0.67
k3 -0.81 -2.14 -1.47 -0.46 -1.19 -0.82 -0.17 -0.35 -0.26 -0.46 -1.21 -0.83
R² 0.36 0.66 0.38 0.68 0.56 0.81 0.37 0.68
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2249.11 2398.11 2323.61 2294.64 2451.98 2373.31 2182.84 2213.27 2198.06 613.54 775.23 694.39
k2 1.00 0.86 0.93 1.00 0.86 0.93 1.03 0.99 1.01 1.89 1.64 1.77
k3 -2.62 -2.15 -2.38 -1.42 -1.18 -1.30 -0.34 -0.38 -0.36 -1.47 -1.21 -1.34
R² 0.94 0.96 0.95 0.96 0.97 0.99 0.93 0.95
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2223.79 2179.55 2201.67 2266.25 2219.51 2242.88 1598.83 1798.14 1698.49 1213.02 819.64 1016.33
k2 0.46 0.74 0.60 0.46 0.74 0.60 0.53 0.76 0.64 0.89 1.42 1.15
k3 -1.86 -2.35 -2.10 -1.02 -1.27 -1.15 -0.30 -0.31 -0.30 -1.03 -1.31 -1.17
R² 0.88 0.95 0.89 0.95 0.95 0.95 0.88 0.94
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 3769.18 4002.11 3885.64 3835.99 4059.05 3947.52 4207.26 4453.77 4330.52 1184.07 1497.77 1340.92
k2 0.88 0.74 0.81 0.88 0.75 0.81 1.00 0.84 0.92 1.68 1.42 1.55
k3 -1.72 -1.44 -1.58 -0.94 -0.79 -0.87 -0.33 -0.27 -0.30 -0.98 -0.81 -0.90
R² 0.99 0.98 0.99 0.99 0.997 0.99 0.98 0.97
Ooi et al. (2004)
Average
Ooi et al. (2004)
Average






Mohammad et al. 
(1999)
20% MC + 3% Cement

















Ooi et al. (2004)
Average
Average















Ooi et al. (2004)
Average
Average













17% MC + 1% Cement
14% MC + 1% Cement
Soil #
Mohammad et al. 
(1999) Average
14% MC + 0.5% Cement
Average Average Average RemarksparameterSoil #
MEPDG (2002) Uzan (1985)








Table 4.13: Summary of non-linear regression (soil 2) at 7 days curing period
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 359.49 456.44 407.97 372.11 472.77 422.44 164.03 176.65 170.34 160.53 222.01 191.27
k2 0.61 0.54 0.57 0.61 0.54 0.58 0.71 0.62 0.66 1.20 1.08 1.14
k3 -3.35 -3.67 -3.51 -1.84 -2.01 -1.93 -0.50 -0.52 -0.51 -1.88 -2.04 -1.96
R² 0.79 0.84 0.81 0.86 0.93 0.95 0.81 0.86
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1762.06 1826.65 1794.36 1792.61 1859.14 1825.87 1584.07 1954.14 1769.10 748.11 599.76 673.94
k2 0.65 0.86 0.75 0.65 0.86 0.75 0.73 0.97 0.85 1.24 1.61 1.43
k3 -1.73 -1.78 -1.76 -0.95 -0.98 -0.96 -0.30 -0.33 -0.31 -0.97 -0.99 -0.98
R² 0.98 0.91 0.99 0.92 0.99 0.92 0.98 0.88
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 942.93 1052.66 997.79 975.86 1088.25 1032.06 358.59 414.67 386.63 423.92 476.08 450.00
k2 0.59 0.59 0.59 0.60 0.59 0.59 0.65 0.64 0.65 1.19 1.18 1.18
k3 -3.89 -3.78 -3.83 -2.12 -2.06 -2.09 -0.53 -0.52 -0.53 -2.16 -2.10 -2.13
R² 0.95 0.96 0.96 0.97 0.98 0.97 0.96 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2010.06 2073.54 2041.80 2045.61 2113.01 2079.31 2366.82 2113.20 2240.01 574.01 660.31 617.16
k2 0.95 0.87 0.91 0.96 0.87 0.92 1.09 0.99 1.04 1.82 1.66 1.74
k3 -1.74 -1.93 -1.83 -0.96 -1.06 -1.01 -0.34 -0.35 -0.35 -1.00 -1.08 -1.04
R² 0.97 0.96 0.98 0.96 0.99 0.97 0.97 0.93
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1592.15 1588.53 1590.34 1621.59 1623.29 1622.44 1051.89 1018.89 1035.39 960.45 788.43 874.44
k2 0.38 0.53 0.45 0.38 0.53 0.45 0.42 0.59 0.51 0.74 1.03 0.88
k3 -1.92 -2.35 -2.13 -1.05 -1.28 -1.17 -0.28 -0.35 -0.32 -1.06 -1.30 -1.18
R² 0.96 0.98 0.97 0.98 0.98 0.98 0.96 0.96
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2975.48 2664.99 2820.23 3050.36 2712.78 2881.57 1680.13 2057.57 1868.85 1568.38 1339.92 1454.15
k2 0.48 0.52 0.50 0.48 0.52 0.50 0.54 0.58 0.56 0.95 1.00 0.97
k3 -2.52 -1.82 -2.17 -1.38 -1.00 -1.19 -0.37 -0.29 -0.33 -1.40 -1.01 -1.21
R² 0.89 0.96 0.90 0.97 0.956 0.99 0.91 0.96
Ooi et al. (2004)
Average
Ooi et al. (2004)
Average














Mohammad et al. 
(1999) Average Remarks










Mohammad et al. 
(1999) Average Remarks










Mohammad et al. 
(1999) Average Remarks










28% MC + 8% Cement

























Table 4.14: Summary of non-linear regression (soil 2) at 28 days curing period
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 280.34 371.25 325.79 287.29 383.24 335.26 166.23 156.97 161.60 192.23 241.76 216.99
k2 0.28 0.32 0.30 0.29 0.33 0.31 0.36 0.39 0.38 0.57 0.65 0.61
k3 -1.82 -2.83 -2.32 -1.02 -1.57 -1.29 -0.31 -0.42 -0.37 -1.03 -1.58 -1.31
R² 0.48 0.69 0.51 0.71 0.71 0.87 0.51 0.71
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2187.52 1743.54 1965.53 2249.28 1783.75 2016.51 1494.79 1615.29 1555.04 621.22 521.90 571.56
k2 0.96 0.92 0.94 0.96 0.92 0.94 1.03 1.06 1.04 1.84 1.75 1.80
k3 -3.31 -2.30 -2.80 -1.80 -1.26 -1.53 -0.47 -0.40 -0.44 -1.86 -1.30 -1.58
R² 0.96 0.95 0.96 0.95 0.98 0.98 0.95 0.93
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 979.08 986.25 982.66 1012.30 1022.12 1017.21 385.41 391.61 388.51 457.07 402.82 429.95
k2 0.57 0.67 0.62 0.57 0.67 0.62 0.62 0.74 0.68 1.13 1.33 1.23
k3 -3.72 -3.92 -3.82 -2.03 -2.14 -2.08 -0.51 -0.55 -0.53 -2.06 -2.18 -2.12
R² 0.96 0.94 0.97 0.95 0.98 0.99 0.97 0.96
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2236.39 2102.75 2169.57 2304.39 2162.01 2233.20 1585.21 1723.90 1654.55 618.94 586.04 602.49
k2 0.98 0.97 0.97 0.98 0.97 0.98 1.11 1.13 1.12 1.88 1.87 1.88
k3 -3.13 -2.74 -2.94 -1.72 -1.51 -1.61 -0.51 -0.47 -0.49 -1.77 -1.56 -1.67
R² 0.93 0.90 0.93 0.91 0.96 0.95 0.93 0.91
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1550.67 1560.62 1555.64 1590.07 1599.96 1595.02 1103.99 1103.24 1103.61 578.34 578.45 578.39
k2 0.75 0.75 0.75 0.75 0.75 0.75 0.84 0.85 0.85 1.44 1.45 1.45
k3 -2.56 -2.62 -2.59 -1.41 -1.44 -1.42 -0.41 -0.41 -0.41 -1.44 -1.47 -1.45
R² 0.96 0.96 0.96 0.97 0.99 0.99 0.95 0.96
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2481.49 2419.76 2450.63 2513.43 2462.90 2488.17 1920.93 1879.56 1900.24 1400.14 1192.93 1296.53
k2 0.43 0.53 0.48 0.43 0.53 0.48 0.43 0.59 0.51 0.83 1.03 0.93
k3 -1.76 -1.85 -1.80 -0.95 -1.01 -0.98 -0.21 -0.29 -0.25 -0.96 -1.03 -1.00
R² 0.95 0.95 0.95 0.95 0.905 0.95 0.95 0.95
50 Psi 
UCS
















Mohammad et al. 
(1999) Average Remarks










Mohammad et al. 
(1999) Average Remarks










Mohammad et al. 
(1999) Average Remarks


















Mohammad et al. 
(1999) Average Remarks
Ooi et al. (2004)
Average
Ooi et al. (2004)
Average
Ooi et al. (2004)
Average










Table 4.15: Summary of non-linear regression (soil 3) at 7 days curing period 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 282.93 301.50 292.21 289.34 308.31 298.82 175.04 173.81 174.43 203.32 237.35 220.34
k2 0.25 0.18 0.22 0.26 0.19 0.22 0.33 0.25 0.29 0.50 0.37 0.43
k3 -1.67 -1.70 -1.68 -0.94 -0.95 -0.95 -0.28 -0.28 -0.28 -0.94 -0.95 -0.94
R² 0.48 0.46 0.51 0.49 0.71 0.69 0.49 0.48
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1813.10 1744.54 1778.82 1853.44 1767.63 1810.54 1358.09 1812.55 1585.32 779.44 822.24 800.84
k2 0.63 0.59 0.61 0.63 0.59 0.61 0.72 0.68 0.70 1.23 1.10 1.17
k3 -2.15 -1.22 -1.69 -1.18 -0.67 -0.93 -0.35 -0.24 -0.29 -1.21 -0.69 -0.95
R² 0.93 0.96 0.94 0.96 0.99 0.97 0.94 0.96
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 942.87 1052.75 997.81 975.89 1088.26 1032.08 358.63 414.66 386.64 423.94 476.08 450.01
k2 0.59 0.59 0.59 0.60 0.59 0.59 0.65 0.64 0.65 1.19 1.18 1.18
k3 -3.89 -3.78 -3.83 -2.12 -2.06 -2.09 -0.53 -0.52 -0.53 -2.16 -2.10 -2.13
R² 0.95 0.96 0.96 0.97 0.98 0.97 0.96 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2104.47 1932.28 2018.38 2146.01 1967.13 2056.57 1771.18 1829.52 1800.35 863.64 776.96 820.30
k2 0.67 0.69 0.68 0.67 0.69 0.68 0.76 0.79 0.78 1.30 1.32 1.31
k3 -1.95 -1.69 -1.82 -1.07 -0.93 -1.00 -0.33 -0.30 -0.32 -1.10 -0.95 -1.03
R² 0.92 0.95 0.92 0.95 0.95 0.99 0.93 0.95
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1651.47 1644.22 1647.85 1679.00 1673.08 1676.04 1343.51 1110.47 1226.99 815.87 1069.82 942.85
k2 0.53 0.31 0.42 0.53 0.31 0.42 0.60 0.38 0.49 1.03 0.63 0.83
k3 -1.73 -1.71 -1.72 -0.95 -0.94 -0.95 -0.28 -0.26 -0.27 -0.96 -0.95 -0.96
R² 0.98 0.86 0.98 0.87 0.98 0.97 0.97 0.89
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 2240.07 2358.75 2299.41 2276.85 2395.03 2335.94 2357.36 2326.90 2342.13 813.76 1017.59 915.68
k2 0.77 0.63 0.70 0.77 0.63 0.70 0.87 0.73 0.80 1.47 1.22 1.34
k3 -1.61 -1.47 -1.54 -0.88 -0.81 -0.85 -0.30 -0.26 -0.28 -0.91 -0.83 -0.87
R² 0.97 0.96 0.97 0.96 0.98 0.996 0.95 0.96
Average
Ooi et al. (2004)
Average






Mohammad et al. 
(1999) Average Remarks







































Ooi et al. (2004)
Average









Mohammad et al. 
(1999) Average Remarks







Mohammad et al. 
(1999) Average











Table 4.16:Summary of non-linear regression (soil 4) at 7 days curing period 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1019.03 974.97 997.00 1047.08 997.25 1022.17 468.56 524.71 496.63 566.81 559.96 563.39
k2 0.45 0.41 0.43 0.45 0.41 0.43 0.50 0.45 0.47 0.80 0.89 0.84
k3 -3.06 -2.54 -2.80 -1.67 -1.38 -1.53 -0.42 -0.35 -0.39 -1.39 -1.68 -1.54
R² 0.97 0.99 0.98 0.99 0.98 0.97 0.99 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1612.82 1686.06 1649.44 1645.45 1723.87 1684.66 1610.57 1342.29 1476.43 525.28 609.86 567.57
k2 0.85 0.76 0.81 0.85 0.77 0.81 0.97 0.86 0.92 1.63 1.48 1.56
k3 -1.90 -2.55 -2.23 -1.05 -1.40 -1.22 -0.35 -0.35 -0.35 -1.09 -1.43 -1.26
R² 0.97 0.86 0.97 0.87 0.99 0.99 0.97 0.86
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 900.50 894.48 897.49 925.69 922.47 924.08 404.54 386.68 395.61 498.95 427.26 463.11
k2 0.44 0.55 0.50 0.44 0.55 0.50 0.49 0.62 0.55 0.88 1.09 0.99
k3 -3.08 -3.46 -3.27 -1.68 -1.89 -1.78 -0.42 -0.48 -0.45 -1.70 -1.91 -1.81
R² 0.97 0.97 0.98 0.98 0.98 0.99 0.98 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1283.80 1210.79 1247.30 1307.77 1231.35 1269.56 1262.47 1248.06 1255.26 438.10 434.65 436.38
k2 0.82 0.77 0.79 0.82 0.77 0.79 0.93 0.87 0.90 1.48 1.57 1.53
k3 -1.93 -1.65 -1.79 -1.06 -0.91 -0.98 -0.33 -0.31 -0.32 -0.94 -1.09 -1.02
R² 0.98 0.97 0.99 0.97 0.99 0.99 0.97 0.99
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 841.26 805.54 823.40 866.16 829.56 847.86 342.83 346.59 344.71 482.00 433.42 457.71
k2 0.42 0.46 0.44 0.42 0.46 0.44 0.45 0.51 0.48 0.83 0.92 0.88
k3 -3.28 -3.24 -3.26 -1.79 -1.77 -1.78 -0.44 -0.45 -0.44 -1.80 -1.79 -1.79
R² 0.98 0.97 0.99 0.98 0.98 0.99 0.98 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1686.52 1529.40 1607.96 1720.36 1554.92 1637.64 1490.74 1600.05 1545.39 604.51 519.39 561.95
k2 0.77 0.83 0.80 0.77 0.83 0.80 0.88 0.93 0.91 1.49 1.56 1.53
k3 -2.09 -1.79 -1.94 -1.14 -0.98 -1.06 -0.35 -0.32 -0.34 -1.17 -1.00 -1.09
R² 0.97 0.97 0.97 0.97 0.98 0.96 0.97 0.95
Average
Ooi et al. 
(2004) Average
Ooi et al. 
(2004) Average













































Ooi et al. 
(2004) Average









Mohammad et al. 
(1999) Average Remarks







Mohammad et al. 
(1999) Average












Table 4.17:Summary of non-linear regression (soil 5) at 7 days curing period 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 666.16 749.90 708.03 676.28 763.93 720.10 441.69 402.17 421.93 495.75 549.50 522.62
k2 0.24 0.24 0.24 0.24 0.24 0.24 0.27 0.26 0.27 0.45 0.47 0.46
k3 -1.59 -2.18 -1.88 -0.87 -1.18 -1.03 -0.23 -0.28 -0.26 -0.88 -1.19 -1.03
R² 0.78 0.99 0.79 0.99 0.82 0.94 0.78 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1898.78 1629.81 1764.29 1927.19 1655.17 1791.18 1433.52 1345.02 1389.27 1165.16 839.01 1002.08
k2 0.37 0.50 0.43 0.37 0.50 0.43 0.41 0.54 0.48 0.71 0.97 0.84
k3 -1.54 -1.65 -1.59 -0.84 -0.90 -0.87 -0.24 -0.25 -0.24 -0.85 -0.92 -0.88
R² 0.96 0.96 0.97 0.97 0.97 0.99 0.95 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 560.16 614.44 587.30 574.28 629.62 601.95 301.75 312.00 306.87 288.49 347.28 317.89
k2 0.49 0.43 0.46 0.50 0.43 0.46 0.55 0.47 0.51 0.98 0.84 0.91
k3 -2.73 -2.74 -2.73 -1.49 -1.49 -1.49 -0.39 -0.38 -0.38 -1.51 -1.51 -1.51
R² 0.98 0.99 0.98 0.99 0.98 0.98 0.97 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1264.32 1392.45 1328.38 1289.29 1418.73 1354.01 956.17 1039.79 997.98 579.86 696.63 638.24
k2 0.59 0.52 0.55 0.59 0.52 0.55 0.66 0.59 0.62 1.14 1.01 1.07
k3 -2.05 -1.92 -1.99 -1.12 -1.05 -1.09 -0.32 -0.30 -0.31 -1.14 -1.06 -1.10
R² 0.98 0.95 0.98 0.96 0.99 0.97 0.97 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 701.08 798.55 749.81 715.81 816.61 766.21 485.60 533.11 509.35 365.59 330.35 347.97
k2 0.56 0.58 0.57 0.56 0.59 0.58 0.63 0.67 0.65 1.14 1.10 1.12
k3 -2.23 -2.39 -2.31 -1.22 -1.31 -1.26 -0.34 -0.36 -0.35 -1.32 -1.24 -1.28
R² 0.98 0.97 0.98 0.97 0.98 0.98 0.95 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1389.61 1394.83 1392.22 1426.47 1428.37 1427.42 839.58 854.54 847.06 562.71 660.29 611.50
k2 0.68 0.56 0.62 0.68 0.56 0.62 0.77 0.63 0.70 1.32 1.10 1.21
k3 -2.89 -2.54 -2.72 -1.58 -1.39 -1.49 -0.43 -0.38 -0.40 -1.61 -1.41 -1.51
R² 0.97 0.96 0.98 0.97 0.99 0.98 0.96 0.97
Ooi et al. (2004)
Average
Ooi et al. (2004)
Average














Mohammad et al. 
(1999) Average Remarks










Mohammad et al. 
(1999) Average Remarks










Mohammad et al. 
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Table 4.18:Summary of non-linear regression (soil 5) at 28 days curing period 
 
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 724.13 616.70 670.42 738.33 628.09 683.21 431.01 404.69 417.85 453.47 361.77 407.62
k2 0.35 0.40 0.38 0.35 0.40 0.38 0.39 0.44 0.42 0.69 0.78 0.73
k3 -2.15 -2.00 -2.07 -1.17 -1.09 -1.13 -0.30 -0.29 -0.30 -1.18 -1.10 -1.14
R² 0.98 0.98 0.98 0.99 0.97 0.97 0.97 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1846.99 1773.98 1810.49 1873.05 1796.74 1834.90 1503.83 1789.22 1646.52 1111.42 819.06 965.24
k2 0.38 0.58 0.48 0.38 0.58 0.48 0.43 0.66 0.54 0.74 1.12 0.93
k3 -1.36 -1.29 -1.33 -0.75 -0.71 -0.73 -0.22 -0.23 -0.23 -0.76 -0.72 -0.74
R² 0.94 0.99 0.95 0.99 0.99 0.99 0.95 0.98
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 639.83 690.36 665.10 655.09 705.26 680.17 384.85 435.48 410.16 329.57 366.55 348.06
k2 0.49 0.47 0.48 0.49 0.47 0.48 0.56 0.52 0.54 0.98 0.93 0.95
k3 -2.40 -2.23 -2.32 -1.32 -1.22 -1.27 -0.36 -0.33 -0.35 -1.34 -1.25 -1.29
R² 0.94 0.94 0.95 0.95 0.99 0.97 0.96 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1768.97 1515.41 1642.19 1811.88 1539.01 1675.44 1391.43 1776.80 1584.12 585.28 498.84 542.06
k2 0.83 0.85 0.84 0.84 0.85 0.84 0.93 0.97 0.95 1.62 1.61 1.61
k3 -2.54 -1.52 -2.03 -1.39 -0.84 -1.11 -0.41 -0.30 -0.35 -1.43 -0.86 -1.15
R² 0.96 0.98 0.97 0.98 0.97 0.99 0.97 0.96
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 802.57 609.77 706.17 819.74 622.53 721.13 561.11 478.54 519.82 379.04 257.30 318.17
k2 0.56 0.64 0.60 0.56 0.64 0.60 0.62 0.73 0.68 1.10 1.26 1.18
k3 -2.16 -2.06 -2.11 -1.19 -1.13 -1.16 -0.34 -0.34 -0.34 -1.22 -1.16 -1.19
R² 0.93 0.94 0.94 0.95 0.96 0.98 0.96 0.97
S(1) S(2) S(1) S(2) S(1) S(2) S(1) S(2)
k1 1765.42 1716.08 1740.75 1800.08 1751.10 1775.59 1506.87 1492.55 1499.71 695.19 680.79 687.99
k2 0.70 0.70 0.70 0.71 0.70 0.70 0.80 0.80 0.80 1.35 1.35 1.35
k3 -2.02 -1.91 -1.96 -1.11 -1.05 -1.08 -0.33 -0.33 -0.33 -1.13 -1.08 -1.10
R² 0.98 0.95 0.98 0.95 0.99 0.99 0.96 0.95
Ooi et al. (2004)
Average
Ooi et al. (2004)
Average




























Mohammad et al. 
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Figure 4.29: Measured versus predicted resilient modulus for soil 1 at MC3 (50 psi UCS) 
 
Figure 4.30: Measured vs predicted resilient modulus for soil 1 at MC3 (150 psi UCS) 


























Mr, measured (psi) 































Figure 4.31: Measured versus predicted resilient modulus for soil 2 at MC3 (50 psi UCS) 
 
Figure 4.32: Measured vs predicted resilient modulus for soil 2 at MC3 (150 psi) 
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Figure 4.33: Measured versus predicted resilient modulus for soil 3 at MC3 (50 psi UCS) 
 
Figure 4.34: Measured versus predicted resilient modulus for soil 3 at MC3 (150 psi UCS) 
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Figure 4.35: Measured versus predicted resilient modulus for soil 4 at MC3 (50 psi UCS) 
 
Figure 4.36: Measured versus predicted resilient modulus for soil 4 at MC3 (150 psi UCS) 
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Figure 4.37: Measured versus predicted resilient modulus for soil 5 at MC3 (50 psi UCS) 
 
Figure 4.38: Measured versus predicted resilient modulus for soil 2 at MC3 (150 psi UCS) 
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Figure 4.39:  k1 at different water/cement ratio 
 
Figure 4.40: k1 at different water/additive ratio 
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4.3.1 Effect of stress state 
 The effect of various stress conditions on the resilient modulus was observed by varying 
the deviatoric and confining stresses applied on the soil samples as per AASTHO T-307. The 
general variation of the resilient modulus with different stress conditions for clayey soil 2 at 22% 
moisture content and 4% cement content (% by weight) is presented in Figure 4.41. From the 
slope of the curve, it can be inferred that the effect of deviatoric stress is more pronounced in 
lower deviatoric/cyclic stress level of application irrespective of confining stress and become less 
effective as the curve attains almost zero slope at the end of last deviatoric stress of each 
confining stress. This type of behavior represents strain softening to subgrade materials under 
increase in deviatoric/cyclic stress. Furthermore, as expected, the confining stress has positive 
effect on resilient modulus as an increase in the resilient modulus was observed with the increase 
in confining stress. Identical figures for other soils were already presented in Figures 4.24 
through 4.28. 
 



















































4.3.2 Effect of water/stabilizer (additive) ratio 
The effect of various combination of water to stabilizer (additive) ratio on the resilient 
modulus for the five different soil types were observed for 7 days as well as for 28 days of curing 
periods. In case of cement-treated/stabilized soil samples (soil 1, soil 2, and soil 3), having 
similar unconfined compressive strength, the test result showed in decrease in resilient modulus 
with the increase in water/cement (w/c) ratio (Figures 4.42 through 4.44) and vice versa. All 
values in those figures present the resilient modulus values of samples obtained at 2 psi of 
confining stress and 6 psi of deviatoric stress. The increase in resilient modulus with the decrease 
in w/c ratio might be due to the viability of more calcium ions to exchange with monovalent 
cations present on clay during cation exchange process, hence reduce the thickness of diffused 
double layer and increase the contact between the clay particles.  
 
























































Figure 4.43: Resilient modulus of soil 2 at different water/cement ratio (for both 50 psi and 150 
psi) 
 






























































































For soil 4 treated/stabilized with equal proportion of lime and cement (additive), no 
definite pattern were observed between the resilient modulus and the water/additive ratio (Figure 
4.45). However, for soil 5 treated/stabilized with lime and cement, higher resilient moduli were 
observed at low water/additive ratios as compared to higher water/additive ratios (Figure 4.47). 
Additionally, the lime-treated/stabilized soil 5 for 50 psi target strength showed identical 
behavior as lime and cement treated/stabilized soil 4 as resilient modulus showed random 
behavior with w/lime ratio (Figure 4.47). The different behavior with lime and cement 
treated/stabilized soil may be due to different reaction mechanism of lime as compared with 
cement only.  
 


















































Figure 4.46: Resilient modulus of soil 5 with different water/lime ratio (for 150 psi) 
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4.3.3 Effect of curing time 
 Among the tested soils, two soils (soil 2 and soil 5) were also cured for 28 days before 
testing in MTS machine to evaluate the effect of curing period on the resilient modulus. The 
results were also compared at 2 psi of confining stress and 6 psi of maximum deviatoric stress 
similar to 7 days curing time to study the effect of curing time. For soil 2 treated/stabilized with 
cement only, the test result showed slight decrease in resilient modulus of the specimens tested 
after 28 days of curing when compared with specimens cured for 7 days prior to testing (Figure 
4.48). Previous research studies on treated/stabilized layers showed that the in-situ stiffness was 
largely affected by shrinkage cracks formed on the surface of treated/stabilized layers (e.g., Abu-
Farsakh et al., 2004). Similar cracks might form on the laboratory prepared specimens during the 
hydration of cement which in turn can result in slightly decrease of the resilient modulus after 28 
days of curing time.  
Figures 4.49 and 4.50 present the resilient modulus of soil 5 at curing period of 7 days as 
well as 28 days. There was no such significant difference in resilient modulus of the lime 
treated/stabilized soil 5 with curing period. However, for additive (cement + lime ) treated soil 5, 
the improve in resilient modulus was observed (up to +38%) after 28 days of curing time as 
compared to the resilient modulus obtained after 7 days of curing period. The summary of effect 




Figure 4.48: Resilient modulus with curing period (Soil 2) 
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Figure 4.50: Resilient modulus with curing period for soil 5 (150 psi UCS) 
 











Average Mr (ksi) % change 
in Mr 
Remarks 
7 days 28 days 
28 8 3.5 
cement 
24.30 22.48 -7.5 
Soil 2 
24 6 4 18.45 20.44 10.7 
22 4 5.5 16.84 14.67 -12.9 
28 4 7 14.33 11.89 -17.0 
24 2 12 6.32 6.04 -4.6 
22 1 22 2.64 2.59 -2.1 
52 3 7.4 
lime 
6.32 6.00 -5.1 
Soil 5 46 5 9.2 4.80 5.68 18.3 
42 7 14.0 7.15 6.31 -11.7 
52 6 4.3 
lime + 
cement 
10.91 15.08 38.2 
Soil 5 46 8 5.8 11.76 13.92 18.4 
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4.3.4 Effect of soil type 
 Since the moisture contents selected to compact the different soil specimens were not 
consistent for all soils, the comparison have been made based on strength criteria for the 
respective soils, i.e., the specimens molded at the first moisture content (MC1) and so on for all 
soil types corresponding to both 50 psi and 150 psi UCS. Figures 4.51 through 4.53 present the 
comparison of resilient modulus obtained for different soil types based on plasticity index 
irrespective of individual moisture contents and lime/cement contents as presented already in 
Table 4.19.  
The general trend shows that at the same compressive strength, the high PI soils have 
better performance at lower moisture content (Figure 4.51). However, decrease in resilient 
modulus were observed with further increase in moisture content to MC2 and then to MC3 
(Figures 4.52 and 4.53).  In contrast, for low to Medium PI soil, treated with cement, the resilient 
moduli specimens having identical strength were increased with increase in moisture content. 
Finally, at higher moisture content (MC3), the performance of soil decreased with increase in PI 
(Figure 4.53). However, it should noted here that this section only compares the resilient 






Figure 4.51: Variation of resilient modulus with PI of soil at MC1 
 


































































































Figure 4.53: Variation of resilient modulus with PI of soil MC3 
4.4 Single-stage permanent deformation test 
 Single-stage permanent deformation tests were performed on the different 
treated/stabilized subgrade soil specimens to evaluate the elastic and plastic strains and 
permanent deformations under the cyclic loading condition. The effects of various 
water/stabilizer ratios and loading cycles on the permanent deformations were studied for all 
soil/additive combinations.  The test results were plotted for vertical permanent strain as ordinate 
and number of cycles as abscissa and are presented in Figures 4.54 through 4.63 for soil 1, 2, 3, 
4, and 5, respectively. The effect of various factors affecting permanent strain of soil such as 
water/stabilizer ratio, number of cycles, and curing period were studied and are discussed in 





















































Figure 4.54: Permanent strain of soil 1 with number of cycles (for 50 psi UCS) 
 




































































Figure 4.56: Permanent strain of soil 2 with number of cycles (for 50 psi UCS) 
 
 

































































Figure 4.58: Permanent strain of soil 3 with number of cycles (for 50 psi UCS)
 


































































Figure 4.60: Permanent strain of soil 4 with number of cycles (for 50 psi UCS) 
 
































































Figure 4.62: Permanent strain of soil 5 with number of cycles (for 50 psi UCS) 
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4.4.1 Effect of number of cycles  
The instant increase in deformation of the specimen were observed during the initial 
phase of loading and the strain rate was high during this period; however after few hundred 
cycles of loading, the deformations of the specimens reach approximately almost a constant 
value, i.e., the material behaves almost elastically under the applied load. Since in the single-
stage permanent deformation tests only 10000 cycles were applied under constant axial loading, 
all the treated/stabilized samples were endured throughout the test. The maximum average 
permanent strain of 4.18% was observed for soil 3 compacted at MC1 to achieve 50 psi target 
strength, and a minimum permanent strain of 0.02% was observed for the same soil compacted at 
MC3 to achieve 150 psi target strength. The permanent strains observed for all soils after 10,000 
cycles of loading are summarized in Table 4.20.  
Table 4.20: Vertical permanent strain of specimens (%) 
50 psi target 
Soil # MC1 Average MC2 Average MC3 Average 
1 2.635 3.495 3.065 1.108 1.105 1.107 0.057 0.044 0.051 
2 2.543 1.945 2.244 0.652 0.680 0.666 0.077 0.082 0.080 
3 4.196 4.167 4.182 0.495 0.725 0.610 0.042 0.067 0.054 
4 0.157 0.262 0.209 0.304 0.484 0.394 0.382 0.124 0.253 
5 0.303 0.394 0.349 0.456 0.406 0.431 1.923 1.173 1.548 
150 psi target 
Soil # MC1 Average MC2 Average MC3 Average 
1 0.345 0.444 0.395 0.024 0.029 0.027 0.029 0.037 0.033 
2 0.026 0.037 0.032 0.080 0.072 0.076 0.033 0.027 0.030 
3 0.044 0.043 0.043 0.037 0.028 0.032 0.017 0.023 0.020 
4 0.028 0.083 0.056 0.037 0.077 0.057 0.031 0.070 0.050 




For the cement-treated/stabilized soils (e.g., soil 1, 2, and 3), the permanent deformations 
were more dependent on the w/c ratio rather than the individual moisture contents. In case of the 
150 psi UCS specimens (soils 1 and 2), the permanent strains were very low as compared with 
50 psi UCS specimens and that the permanent strains were not following the same trend as stated 
(Figures 4.55 and 4.57). This inconsistency may arise due to measurement of very small 
deformations by the linearly varying differential transducers (LVDTs) having high capacity. In 
other words, the LVDTs used in this study had maximum capacity to deform was around 18% 
(approx. 1 inch deformation) and the deformation measured for 150 psi specimens were very low 
(0.02%).  
For the cement and lime treated soils 4 and 5 compacted to achieve 150 psi strength 
criteria, the permanent strains observed were approximately same (Figures 4.61 and 4.63). 
However, the permanent strains of the lime-treated soil 5 showed completely random behavior as 
shown in Figure 4.62, which is consistant with resilient modulus test of same soil/stabilizer 
combination presented in Figure 4.46. 
4.4.2 Effect of water/cement (additive) ratio 
The permanent deformations obtained after 10,000 cycles for all soils were compared 
under 2 psi of confining stress and 6 psi of deviatoric stress. The effects of water to cement or 
water to additive (cement + lime) ratios on permanent strain for the 7 days of curing time were 
studied and are presented in Figures 4.64 through 4.66. Additionally, for soil 2 and soil 5, the 
permanent strains observed for the 7 days of curing samples were compared with the permanent 
strains obtained for 28 days of curing period samples as shown in Figures 4.67 through 4.69.  
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The behavior of cement or (cement + lime) treated soils showed the dependency in the 
water to respective additive ratios as the permanent strain increases with the increase in the 
water/additive ratio. However, the lime-treated soil specimens showed different behavior than 
the cement or ( the cement+ lime) treated soils at 7 days of curing; i.e., the specimens at lower 
water/lime ratio showed lower permanent strain than the higher water/lime ratio. In contrast, at 
28 days of curing time, the specimens with low water/lime ratio showed low permanent strains 
(Figure 4.68). It is worth mentioning here that the change in the water/cement or water/additive 
ratio in this study result from the change in both the water content and the cement (or additive) 
content, which can have influence  the effect of water/cement (or water additive) ratio on 
permanent deformation behavior.  
 
























Figure 4.65: Permanent strain of soil 3 versus water/cement ratio for 7 days curing period. 
 














































Figure 4.67: Permanent deformation of soil 2 versus water/cement ratio for different curing 
period. 
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Figure 4.69: Permanent strain of soil 5 versus w/additive ratio for different curing period. 
4.5 Multi-stage permanent deformation test 
 Three out of five soils were selected for multi-stage permanent deformation tests to 
evaluate the behavior of treated/stabilized soil specimens under different stress levels and to 
determine the shakedown limits by different stages of loading. The monotonic triaxial tests were 
conducted on on raw soils specimens as well as trerated/stabilized soil specimens and the plot of 
mean stress versus deviator stress (p vs q) to decide the stress levels for use in the multi-stage 
tests are already presented in Figure 3.9; and the selected loading sequences are presented in 
Table 3.7. The vertical permanent strain obtained throughout the six different stages of loading 
were plotted against the vertical strain rate (strain/ load cycles) to evaluate the shakedown limits 
of the soil specimens. Three confining stresses, as that of resilient modulus tests were fixed and 
























Water/ additive ratio (1 cement + 1 lime) 
150 psi 7 Days curing period
28 Days curing period
127 
 
stabilizer combination. The general plots of the measured permanent strains versus number of 
cycles observed strains of specimens at moisture content MC1 for all soils are presented in 
Figures 4.70 to 4.75 and the figures for other moisture contents are presented in Appendix 3. As 
expected, higher permanent strains were observed with higher stress ratio. Under identical stress 
ratio the specimens tested at higher confining stress showed higher measured permanent strains. 










, higher confining stress resulted in higher 










= 6, the corresponding deviatoric stress applied are 10 
psi, 20 psi and 30 psi for confining stress of 2 psi, 4 psi, and 6 psi, respectively. Therefore, the 
larger measured permanent strain for high confining stress is mainly due to the application of 
larger deviatoric stress. In all curves presented, higher initial deformations were observed at start 
of each new stress ratio that is followed by a constant strain throughout that stress ratio. Once the 
stress ratio increased, the deformation increased instantaneously and material attains constant 
strain after few hundred of cycle of loading. The initial higher deformation on specimens may be 
attributed to partially breakage of bond between stabilizer and soil caused by applying higher 
deviatoric stress than the previous stage. The flat curves indicate that sample reached stabile 




Figure 4.70: Multi-stage permanent deformation curves of soil 2 at MC1 (for 50 psi UCS) 
 






































































Figure 4.72: Multi-stage permanent deformation curves of soil 3 at MC1( for 50 psi UCS) 
 






































































Figure 4.74: Multi-stage permanent deformation curves of soil 5 at MC1( for 50 psi UCS) 
 




































































Since identical loading sequence and stress ratios were used for low target strength (50 
psi) as well as for high target strength (150 psi) samples, most of the specimens at low strength 
were failed before completion of all six stages described earlier in chapter 3. The strains during 
the test were plotted against the strain rate to evaluate the shakedown limits of the materials. 
When the curve becomes vertical, this indicates the attainment of constant strain and hence the 
achievement of shakedown of material under the applied load. Plastic shakedown limits and 
plastic creep limits are two limits that were used by Werkmeister (2003) to separate range A, B, 
and C of the materials from the results of multi-stage RLT tests. Plastic shakedown limit that 
separates range A from range B was evaluated by using equations 4.5 and 4.6. Similarly 
equations 4.7 and 4.8 were used to evaluate the plastic creep limit that separates the range B 
from range C. Figures 4.76 through 4.81 present the multi-stage strain rate versus vertical 
permanent strain of three soils at moisture content (MC1) for 6 psi confining stress. Similar 
curves at MC2 and MC3 for 2 psi as well as 4 psi confining stresses are presented in Appendix 4.  
Range A: Ɛp 5000 – Ɛp 3000 < 0.045×10
-3
     Equation 4.5 
Range B: Ɛp 5000 – Ɛp 3000 > 0.045×10
-3
     Equation 4.6 
Range B: Ɛp 5000 – Ɛp 3000 < 0.4×10
-3
      Equation 4.7 
Range C: Ɛp 5000 – Ɛp 3000 > 0.4×10
-3
      Equation 4.8 
Where: 
Ɛp 5000 = accumulated permanent strain at 5000 load cycles 




Figure 4.76: Multi stage strain rate versus permanent strain with shakedown limits for soil 2 MC1 
(for 50 psi UCS) 
 
Figure 4.77: Multi-stage strain rate versus permanent strain with shakedown limits for soil 2 
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Figure 4.78: Multi-stage strain rate versus permanent strain with shakedown limits for soil 3 at 
MC1 (for 50 psi UCS) 
Figure 4.79: Multi-stage strain rate versus permanent strain with shakedown limits for soil 3 at 
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Figure 4.80: Multi-stage strain rate versus permanent strain with skakedown limits for soil 5 at 
MC1 (for 50 psi UCS) 
 
 
Figure 4.81: Multi-stage strain rate versus permanent strain with shakedown limits for soil 5 at 
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For all soil specimens that were compacted to 50 psi UCS (Figures 4.76, 4.78, and 4.80), 
large deformations were observed beyond the LVDTs limit of 1 inch. The vertical strain rate 
versus vertical strain charts showed that the specimens never achieve range C even after getting 
huge plastic deformations as the vertical permanent strain rates were smaller than 0.4×10
-3
 as 
recommended by Werkmeister (2003). Similar behavior was observed with 150 psi target 
strength samples (Figures 4.77, 4.79, and 4.81) for all soils. The vertical downward curve in 
these figures indicates the attainment of constant vertical strain and no more vertical deformation 
was occurred unless change of stress ratio. Hence, it is clear that the behavior of 
treated/stabilized soil is very different than the behavior of unbound granular materials (UBM) 
and that the criteria given in equations 4.5 to 4.8 to characterize the shakedown limits of UBM 
might not be applicable to treated/stabilized soils.    
4.6 Tube suction test 
Tube suction tests were performed on the treated/stabilized soil specimens to evaluate 
their moisture susceptibility since durability is a major concern for stabilized soil particles. The 
soil specimens were molded under identical conditions of moisture content and additive content 
to that of the repeated loading triaxial tests. The results of tube suction test showed that all of the 
samples (except the 150 psi samples for soils 2 and 3) were seemed moisture susceptible as the 
dielectric values (DV) observed were more than the maximum value of 16 as recommended by 
the Texas DOT. This indicated that even though the soil specimens have high resilient modulus 
and low permanent deformations under normal condition, they might be vulnerable to moisture 
induced problems. Based on the test results, the moisture susceptibility was increased with the 
increase in the plasticity index for specimens compacted at identical strength; i.e., lower PI soil 1 
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showed overall the least DVs. The results of tube suction tests for the different soil samples 
subjected to 12 days capillarity soaking are presented in Figures 4.82 through 4.86. The lower 
line in the figure separates an excellent quality material with good one, whereas the upper line 
separates the good materials from the materials that are moisture susceptible. 
 



















































Figure 4.83: Dielectric values of soil2 at different moisture contents (7 day curing period) 
 




























































































Figure 4.85: Dielectric values of soil 4 at different moisture contents (7 day curing period) 




















































































CHAPTER 5 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary 
Throughout this research study, the use of chemical stabilizer to treat/stabilize subgrade 
soils has been recognized, discussed, and analyzed. The research was focused on selecting the 
suitable cementitious stabilizer based on the soil properties and its use to achieve the minimum 
strength criteria for the construction of working platforms as well as subbase layers in Louisiana. 
These objectives were determined by conducting various laboratory tests on soil specimens at 
different conditions of testing. The input design parameters to be used in the analysis and design 
of flexible pavement by AASTHO and/or MEPDG were evaluated by conducting series of 
resilient modulus tests. Additionally, the elastic as well as the plastic characteristics of five 
treated/stabilized soils were studied by single-stage as well as by multi-stage permanent 
deformation tests. All the laboratory tests like unconfined compressive strength, resilient 
modulus, and permanent deformation tests on treated/stabilized soils were performed at three 
different moisture contents that are higher than the optimum moisture content of the individual 
raw subgrade soil (e.g., weak subgrade soils).  
Five different soils were treated with hydrated lime and/or type I Portland cement as per 
soil type to stabilize the weak subgrade soil and to evaluate the resilient modulus as well as to 
study the resilient/permanent strains under cyclic nature of loading. The effect of various 
water/cement, water/lime and/or water/additive ratio on the unconfined compressive strength, 
resilient modulus, and permanent deformation tests were studied. Based on the test results, soils 
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with low plasticity indices had shown better performance during cyclic loading, whereas silty 
soil performed better under durability test as measured by tube suction test. 
5.2 Conclusions 
The following conclusions were made after the completion of research work: 
 Unlike high plastic/heavy clays, silty soils were not suitable for lime stabilization. Low to 
medium plastic soil (PI<30) performed better when treated with cement only, whereas 
lime and/or lime + cement were required to stabilize high plastic soils. 
 The compaction characteristic of treated/stabilized soil found to be dependent on the 
plastic nature of the raw soil. For high plastic soil, addition of stabilizer to soil reduced 
the maximum dry density while increasing the optimum moisture content irrespective of 
stabilizer type. However, the compaction characteristic of treated/stabilized remained 
almost unchanged for low to medium plastic soils. 
 The failure mechanism of the soil changed from bulging (ductile) failure type to more 
distinct shear failure type with the addition stabilizer, indicating transformation of failure 
mechanism from ductile to more brittle nature. Additionally, the soil become more stiff 
and strong by addition of stabilizers as the strain at failure decreased associated with an 
increase in peak load.  
 Under identical strength criteria, silty soil and low PI clayey soils performed better under 
cyclic loading condition as compared to heavy clay soils. The water/cement ratio was 
more pronounced in case of cement treated soils. However, it was difficult to identify the 
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effect of water to lime (or combination of lime and cement) ratio on repeated loading 
characteristic of soil. 
 The use of direct correlation between the UCS and the resilient modulus of the 
cementitiously stabilized soils can be misleading. From the finding of this study study it 
can be inferred that the specimens having same UCS but with different water/cement or 
water/stabilizer ratio have shown different resilient characteristics.  
 The resilient modulus and permanent deformations were found to be a function of water 
cement ratio; such that as lower water cement ratio produced higher resilient modulus 
and lower permanent deformation.  
 As expected, the observed resilient moduli were higher for higher confining stresses and 
decrease with increasing the deviatoric stress under identical confinement.  
 In case of cement treated soil, specimens tested after 28 days of curing showed slightly 
lower resilient modulus as compared with specimens tested after 7 days of curing period. 
This might be due to the formation of shrinkage cracks during the hydration of cement 
for a long curing period. However, the soil treated with the combination of lime and 
cement had shown significant increase in resilient modulus with the increase in curing 
period.  
 The permanent deformations of the treated/stabilized soils were reduced with the increase 
in curing period as large reductions on deformations were observed on tested specimens. 
Additionally, the deformation observed for specimens having target strength of 150 psi 
(as subbase) were too low. This might be the reason behind not including the 
deformations of cement treated layers in designing the pavement by the Mechanistic 
Empirical pavement Design (MEPDG) method. 
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 Three regression models were used to fit the laboratory measured resilient modulus of 
treated/stabilized specimens. The model predicted by Mohammad et al. (1999) was found 
to be better fitted the laboratory measured data than models given by Uzan (1985) 
,MEPDG (2002), and Ooi et al (2004). Almost all specimens showed coefficient of 
determination (R
2
)  greater than 0.90.  
 The resilient regression parameter, k1, obtained from non-linear regression can be 
presented as a function of w/c or w/additive ratios; while at the same time other two 
parameters, k2 and k3, were not found to be dependent on these ratios. 











results in the increase in the accumulated plastic deformations of the tested 
specimens. This is mainly due to the increase in the deviatoric stress under similar 
confining stress.  
 Even though the strains were higher (>10%) for the 50 psi strength specimens, the 
deformations almost become constant after a few hundred cycles of loading in each stress 
ratio. Afterwards, the specimens behaved almost elastically. The initial higher 
deformation at the start of each stress ratio might be due to partially breakage of some 
bonds formed between soil and cement during hydration process caused by the 
application of higher deviatoric load than previous stress ratio.  
 The shakedown concept developed by Weirkmister (2003) was used to characterize the 
treated/stabilized materials from results of multi-stage permanent deformations tests. The 
test result showed that, none of the specimens approached the range C (incremental 
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 Unlike unbound granular materials (UGM), the cementitiously treated/stabilized soils can 
not move to fill the space between the particles by rotation, sliding, and crushing under 
the application of cyclic loads. Furthermore, the crushing of the soil particles is also 
impossible due to extreme fine contents of subgrade soils. Based on the test results, it can 
be inferred that the characterization of cementitious treated/stabilized soil needs different 
shakedown criteria than the criteria given by Weirkmister (2003) for unbound granular 
materials.  
5.3 Recommendations 
After completing this research study, the following recommendations are suggested for 
cementitious treatment/stabilization of subgrade soils. 
1. Since the moisture contents selected in this study for the laboratory tests were way 
beyond the optimum moisture content of raw soils, it was very difficult to compact the 
soil/stabilizer mixture in the mold manually, i.e., by dropping the hammer. So, in order to 
achieve a uniform compaction, it is recommended to use automatic compactors. 
2. Only two types of cementitious stabilizers, cement and lime, were used as a stabilizing 
agent in this study, further research could be done with wide range of chemical stabilizers 




3. The study was only focused on laboratory tests of molded specimens under controlled 
conditions of moisture content and temperature. Hence, further research on 
cementitiously treated/stabilized soils can be performed using large-scale test section in 
the field by considering the combined effect of the seasonal variation of moisture content 
and temperature and relating results with laboratory test data.  
4. Further research is recommended to completely characterize the cementitiously stabilized 
soil by multi-stage permanent deformation tests using scanning electron microscope 
(SEM) to analyze the chemical and mineral bondage between the soil and cementitious 
materials. Similarly, it is recommended to perform SEM analysis after completion of 
each loading sequences (stress ratio) in order to identify the effect of stress ratio on the 
soil-cement bondage. 
5. Since identical loading conditions were adopted for 50 psi as well as for 150 psi target 
strength specimens, it is advised to use different loading sequences for the different 
strength specimens.  
6. Three out of five soils were treated with cement and only 50 psi target strength of soil 5 were 
treated with lime, so it is recommended to perform more laboratory tests on the lime treated 
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options ps=61 ls=78 nocenter nodate nonumber; 
title1'multiple regression of of resilient modulus';  
ods rtf file='C:\Users\sdhaka1\Desktop\New folder\HC 28 days 52_12(2).rtf'; 
Data one; 
Title2 'Non-linar analysis of Resilient modulus'; 
input mr theta pa confining deviatoric sigmaone toct sigmaoct; 
cards; 
  
29901.645 19.823443 14.7 6 1.823443 7.823443 0.859579274
 6.516433523 
24870.81794 21.70938296 14.7 6 3.709382958 9.709382958 1.748619896
 7.405474145 
24153.78939 23.56013887 14.7 6 5.560138872 11.56013887 2.6210746
 8.27792885 
24125.91164 25.42198511 14.7 6 7.421985108 13.42198511 3.498757333
 9.155611583 
24689.29669 27.28194354 14.7 6 9.28194354 15.28194354 4.375550146
 10.0324044 
22601.18746 13.83350329 14.7 4 1.833503292 5.833503292 0.864321741
 4.635557907 
20634.35103 15.70015576 14.7 4 3.700155762 7.700155762 1.744270154
 5.51550632 
20406.30295 17.56274185 14.7 4 5.562741852 9.562741852 2.622301657
 6.393537823 
20734.15994 19.43247329 14.7 4 7.432473294 11.43247329 3.503701511
 7.274937678 
21229.66707 21.28434024 14.7 4 9.28434024 13.28434024 4.376679962
 8.147916128 
15069.07914 7.818580932 14.7 2 1.818580932 3.818580932 0.857287273
 2.742905356 
14627.69694 9.700726938 14.7 2 3.700726938 5.700726938 1.744539409
 3.630157492 
14869.57332 11.56758905 14.7 2 5.567589054 7.567589054 2.62458665
 4.510204733 
15459.27149 13.42385828 14.7 2 7.423858278 9.423858278 3.499640354
 5.385258437 




Proc print data=one; 
run; 
 
proc model data=one itprint; 
title2'NCHRP model'; 
 parms k1=1 k2=2 k3=-3; 
 mr=k1*14.7*((theta/14.7))**k2*(1+(toct/14.7))**k3; 




proc model data=one itprint; 
title2'Uzan model (1985)'; 
 parms k1=1 k2=2 k3=-3; 
 mr=k1*14.7*((theta/14.7))**k2*(1+(deviatoric/14.7))**k3; 
   fit mr / out=predict outall; 
run; 
proc model data=one itprint; 
title2'Mohammad et al. 1999'; 
 parms k1=1 k2=2 k3=-3; 
 mr=k1*14.7*((sigmaoct/14.7))**k2*((toct/14.7))**k3; 
   fit mr / out=predict outall; 
run; 
proc print data=predict; 
run; 








































































































Figure 16: Multi-stage permanent deformation of soil 2 at MC2 
 
 




Figure 18: Multi-stage permanent deformation of soil 3 at MC2 
 




Figure 20: Multi-stage permanent deformation of soil 5 at MC2 
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